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Titanium/nickel/titanium  ohmic  contacts  to  n-SiC  have  been  studied.  The 
Ti/Ni/Ti/SiC  structures  were  rectifying  as  the  as-deposited  state  but  became  ohmic  upon 
annealing  at  1 000°C  for  2 minutes  in  a N2  ambient.  A nickel  silicide  phase  (N^Si)  was 
formed,  resulting  in  a specific  contact  resistance  (pc)  as  low  as  lxlO'4  Q cm2.  Smooth 
interface  profiles  were  obtained  due  to  the  Ti  layer  between  the  Ni  and  SiC.  Auger  depth 
profile  data  and  transmission  electron  microscopy  analysis  showed  that  Ni  moved 
through  the  Ti  layer  to  decompose  the  SiC  and  form  N^Si,  leaving  excess  carbon  as  a 
reaction  product.  Some  of  the  carbon  reacted  with  the  two  Ti  layers  to  form  titanium 
carbide  (TiC).  These  phases  are  observed  because  titanium  carbide  has  lower  free  energy 
of  formation  than  titanium  silicide,  and  nickel  silicide  has  a lower  free  energy  of 
formation  than  titanium  silicide.  The  carbon  that  was  not  bonded  as  TiC  was  distributed 
in  the  silicide  layer  and  at  the  silicide/SiC  interface  as  a graphite  phase.  A schematic 
model  of  the  layers  in  the  Ti/Ni/Ti/SiC  contacts  was  deduced.  The  dependence  of  ohmic 


contact  resistance  on  Ni  and  Ti  layer  thickness  was  also  studied.  Contacts  with  a 20  nm 
bottom  Ti  and  Ni/Ti  ratio  of  3.5  showed  a contact  resistance  of  lxlO'4  Q cm2,  while 
maintaining  an  interfacial  roughness  of  7.5  nm.  Thicker  bottom  Ti  (>20  nm)  contacts 
were  rectifying  with  a non-linear  I-V  behavior,  and  there  was  still  a Ti  layer  between  the 
Ni  and  SiC  after  annealing.  The  lack  of  an  ohmic  contact  was  attributed  to  the  Ti  layer 
acting  as  a diffusion  barrier  preventing  the  formation  of  N^Si.  The  Ni  thickness  was 
varied  from  90  to  30  nm  over  20  nm  Ti  bottom  layers,  but  the  specific  contact  resistances 
(pc)  (3.3x1 0'4+  2.5x1  O^Q  cm2  did  not  vary  systematically  with  Ni  thickness.  Thicker  Ni 
(>30  nm)  contacts  showed  a non-uniform  carbon  distribution  with  carbon  peaks  at  the 
silicide/SiC  interface  as  graphite.  Thin  Ni  contacts  (30  nm)  showed  more  uniform  carbon 
distribution  than  in  the  contacts  with  thicker  Ni.  No  significant  carbon  peak  layer  was 
found  at  the  silicide/SiC  interface. 
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CHAPTER  1 
INTRODUCTION 

Silicon  carbide  (SiC)  is  a wide  band-gap  semiconductor,  which  has  prospects  for  a 
variety  of  applications.  The  applications  include  high  power,  high  frequency,  and  high 
temperature  devices.  Silicon  carbide  is  currently  used  as  a substrate  for  gallium  nitrides 
LED’s.  Military  aircraft  designers  are  investigating  the  potential  of  using  SiC  in  various 
electronic  devices.  The  interest  is  generated  by  the  prospect  of  designing  aircraft  with 
improved  flight  control  systems,  mass  reduction,  and  reduced  reliability  on 

environmental  control  subsystems.  SiC  can  operate  at  both  higher  temperatures  and 
higher  frequency  compared  to  Si.  The  trend  to  incorporate  SiC  electronics  into  aircraft  is 
referred  to  as  the  more  electric  aircraft  (MEA)  initiative.  1 2 The  MEA  also  includes 
military  and  commercial  systems  such  as  electric  vehicles,  ships,  and  commercial  power. 
Figure  1-1  shows  components  of  the  Air  Force’s  aircraft,  the  F-22,  that  would  benefit 
from  SiC  electronic  devices. 

SiC  devices  can  operate  at  high  frequency  (8—10  GHz)  for  temperatures  up  to 
500  °C.  1 ’2  High  frequency  applications  include  radar  and  communication  systems  for 
unpiloted  aircraft  and  satellite  arrays.  The  automotive  and  petroleum  industries  also  have 
an  interest  in  SiC-based  technology.  The  automotive  industry  is  exploring  engine  control 

sensors  using  SiC.  1 ^ These  SiC-based  electronic  sensors  would  also  be  used  to  probe 
the  environment  around  drilling  equipment  where  temperatures  reach  about  300  °CJ>2 
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Figure  1-1  The  F-22  aircraft  subsystems  potentially  improved  by  SiC  electronic 
components  1 

Some  applications  would  benefit  from  SiC  technology  because  of  its  higher  operating 
temperatures  and  long-term  reliability.  3 

Junction  field  effect  transistors  (JFET)  using  SiC  are  being  studied  by  a variety  of 
companies  including  Siemens  AG  in  Germany,  US  Army  research,  and  NASA. 3 The 
CEA-LETI  in  France  and  Cree  Research  are  making  metal  oxide  semiconductor  field 
effect  transistors  (MOSFET).^  Cree  Research  is  also  producing  p-n  diodes  and 
thyristors.  General  Electric  is  making  operational  amplifier  IC’s  with  SiC.3>4  Kyoto 
University  in  Japan  makes  Schottky  diodes. 3 >4 

The  nickel-based  contacts  have  been  studied  as  a major  material  for  ohmic  contact 
to  n-type  4H  SiC.  The  n-type  ohmic  contacts  based  on  nickel  are  currently  reported  to 
have  the  lowest  specific  contact  resistance  (~5xl0‘6  Qcm2)  due  to  the  formation  of  stable 
and  reproducible  metal  silicides  at  the  interface  during  annealing.^ 
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However,  the  difficulty  of  controlling  the  metal  contact  properties,  as  well  as  the 
need  of  optimal  annealing  conditions  to  reduce  the  risk  of  nickel  oxidation,  remains 
limiting  factors  for  many  industrial  applications.  There  are  four  major  issues  related  to 
nickel  based  ohmic  contacts  to  n-SiC  in  terms  of  the  difficulty  of  controlling  the  metal 

contact  properties:^  broadening  of  the  metal  SiC  interface;  rough  interface  morphology 
with  voids;  excess  carbon  segregation  released  from  silicide  reaction  at  the  metal  SiC 
interface;  and  substantial  roughening  of  the  contact  surface. 

The  Ni  diffusion  into  the  SiC  substrate  causes  excessive  interfacial  reactions  deep 
into  the  substrate.  This  limits  the  device  performances  in  achieving  a shallow  junction 
depth  of  transistors.  Interface  roughness  and  interface  broadening  are  issues  for  long-term 
reliability  of  SiC  devices.  Interface  oxidation  degrades  the  device  performance  and 
creates  difficulties  in  achieving  proper  ohmic  contact  properties. 

There  have  been  many  approaches  to  improve  these  issues,  such  as  employing  new 
multi-layer  metal  structures.  This  includes  Ni-Cr,  Ni-Al  and  Ni-Si,  etc.8-10  Some 
improvements  have  been  reported  but  not  for  all  issues  simultaneously.  In  addition,  the 
mechanisms  leading  to  the  improvements  were  not  adequately  explained.  It  is  important 
to  continue  efforts  to  develop  a stable  ohmic  contact  to  n-type  SiC. 

The  goals  for  this  study  can  be  summarized  as  follows. 

First,  it  is  desirable  to  obtain  a reproducible  and  low  specific  contact  resistance  so 
that  a minimum  voltage  drop  across  the  metal  semiconductor  junction  can  be  achieved. 

Second,  the  interface  and  junction  should  be  uniform,  shallow  and  abrupt  with 
lateral  homogeneity  of  the  interfacial  phases.  Control  of  interface  roughening  and 
interfacial  reactions  is  important.  To  obtain  a uniform,  shallow  and  abrupt  metal 
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semiconductor  interface  with  homogeneous  interfacial  phases,  metal  diffusion  into  the 
substrate  and  interfacial  reactions  should  be  controlled. 

Third,  reduction  of  excess  carbon  at  the  interface  after  annealing  is  required  to 
improve  the  high  temperature  stability.  Finally,  preventing  surface  oxidation  of  contacts 
is  a factor  that  determines  their  high  temperature  stability. 


CHAPTER  2 
LITERATURE  REVIEW 

2.1  Mechanisms  of  Ohmic  Contact 

2.1.1  Introduction 

An  ohmic  or  Schottky  barrier  (rectifying)  contact  is  formed  when  a metal  is 
brought  into  contact  with  a semiconductor.!  1*13  a contact  may  be  ohmic  if  the  electron 
affinity  of  an  n-type  semiconductor  (xs)  is  greater  than  the  work  function  of  the  metal 
(4>m)-  An  ohmic  contact  has  a linear  and  symmetric  current- voltage  relationship  for  both 
positive  and  negative  bias  and  a small  resistance  compared  to  the  bulk  resistivity  of  the 
semiconductor.  Fermi-level  pinning  and  interfacial  contamination  may  prevent  formation 

of  an  ohmic  contact,  even  when  xs  > <|)m- 

2. 1 .2  Metal  Semiconductor  Junctions 

An  ideal  Schottky  or  rectifying  contact  occurs  when  a metal  is  brought  into  contact 
with  an  n-type  semiconductor  that  has  an  electron  affinity  (xs)  less  than  that  of  the  metal 
work  function  (<j)M),  or  has  interface  conditions  such  as  Fermi-level  pinning.  12. 15  Figure 
2-1  shows  the  energy  level  diagrams  before  (a)  and  after  contact  (b).  The  work  function 
of  the  semiconductor,  (|>s,  is  the  difference  between  the  vacuum  level  (Evac)  and  the  Fermi 
energy  level  (EF).  The  semiconductor  work  function  is  given  by:  12. 15 

<t>s=Zs+  K [v]  (2-1) 
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where  Vn  is  the  energy  difference  between  the  bottom  of  the  conduction  band  (Ec)  and 
the  Fermi  level.  Once  contact  occurs,  the  Fermi  levels  in  both  the  metal  and  the 
semiconductor 


Vacuum 


(a) 


Ec 

Ef 

Ev 


(C) 


Ec 


Ef 


Ev 


Figure  2-1  Energy-band  diagram  for  an  n-type  semiconductor  before  and  after  contact^ 
line  up  at  thermal  equilibrium.  The  conduction  and  valence  band  levels  in  the 
semiconductor  are  raised  or  lowered  relative  to  the  metal  by  the  difference  in  the  work 

functions.  This  energy  shift  is  called  the  “built-in”  or  “contact”  potential,  Vbi;  ^ 


Vbi=<t>M-<t>S  M 


(2-2) 


For  (j>M  > Xs,  a negative  charge  is  built  up  on  the  metal  and  an  equal  and  positive 
charge  forms  on  the  semiconductor  as  a result.  This  produces  a barrier  height  equal  to 


<t>Bn=<l>M-Xs  [v] 


(2-3) 


Unfortunately,  it  has  been  shown  experimentally  that  most  semiconductor/metal 
contacts  do  not  obey  the  predictions  of  this  ideal  Schottky  limit.  1 E 1 5 Schottky  contacts 
may  also  be  influenced  by  a large  number  of  surface  states  at  the  interface.  In  a simple 
model,  the  Schottky  barrier  height,  fo,  can  be  expressed  as  follows.^ 


K = s ■ Zm  + </>o  [v] 


(2-2) 
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where  Xm  is  the  metal  electronegativity,  and  <j>o  represents  the  contribution  of  surface 
states  from  the  semiconductors.  The  interface  index 
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*Xm 

is  a function  of  the  electronegativity  difference,  Ax,  between  the  cationic  and  anionic 
components  of  a compound  semiconductor.  This  S factor  should  be  equal  to  unity  for  an 
ideal  semiconductor/metal  junction.  When  S=0,  the  system  is  in  the  regime  of  strong 
“Fermi  level  pinning.”  The  surface  states  are  occupied  to  the  Fermi  level,  Ef.  If  the 
surface  has  a large  quantity  of  surface  states,  the  Fermi  level  will  remain  unchanged  once 
equilibrium  is  achieved.  In  this  case,  the  barrier  is  not  affected  by  the  metal  work 
function  but  is  solely  controlled  by  the  semiconductor  surface.  This  phenomenon  is  also 

known  as  Fermi-level  pinning!  !>!5  an(]  js  shown  in  figure  2-2. 

Vacuum 


Figure  2-2  Energy  band  diagram  for  an  n-type  semiconductor  with  a large  density  of 
interface  states  causing  Fermi-level  pinning!  1,15 

2. 1 .3  Electron  Transport  Mechanisms 

There  are  four  common  transport  mechanisms  for  electrons  across  metal- 

semiconductor  contacts:  (1)  thermionic  emission  over  the  barrier,  (2)  tunneling  through 

the  barrier,  (3)  recombination  in  the  space  charge  region,  and  (4)  hole  injection  from  the 
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metal  to  the  semiconductor  in  the  neutral  region.  12  These  mechanisms  are  illustrated 
schematically  in  Figure  2-3. 

Thermionic  emission  theory  assumes  that  the  barrier  height  is  much  larger  than  kT 
(0.0259  eV  at  300°K).  When  thermal  equilibrium  is  reached,  the  net  current  flow  does 
not  affect  thermal  equilibrium.  Based  on  these  assumptions,  the  barrier  height  is  the  only 
factor  affecting  current  flow.  The  current  density  can  be  expressed  as  a function  of 
voltage  by!2,15 


/ = /« 


exp 


qV 

kT 


-1 


[A] 


(2-4) 


Figure  2-3  Four  basic  transport  mechanisms  under  a forward  bias:  a)  thermionic 

emission  over  the  barrier,  b)  tunneling  through  the  barrier,  c)  recombination  in 
the  space  charge  region,  and  d)  hole  injection  from  the  metal  to  the 
semiconductor  in  the  neutral  region  12 

where  q is  the  electron  charge,  V is  the  applied  voltage,  k is  Boltzmann’s  constant,  T is 
temperature,  and  Is  the  saturation  current  is 


h 


_ j2  eXp 


^ Bn 

kT 


[A] 


(2-5) 
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where  S is  the  contact  area,  A**  is  the  effective  Richardson  constant,  (J  = I/S  and  Js  = 

VS). 


The  total  current  density  is  given  by  the  sum  of  the  current  from  the  metal  into  the 
semiconductor  (Jm_>s)  and  the  current  from  the  semiconductor  into  the  metal  (Js_>m).  Then 

the  total  current  density  is  expressed  as  12, 15 

( \ 


J = Jr 


exp 


qV_ 
\nkT  j 


-1 


[A/cm  ] 


(2-6) 


where  n is  the  ideality  factor,  defined  as 


q dV 
kT  d(lnJ) 


(2-7) 


where  3V/3(ln  J)  and  the  saturation  current  density  (Js)  are  found  experimentally.  Low 
doped  materials  at  high  temperatures  have  an  ideality  factor  that  is  close  to  one  and  Js  is 
relatively  constant.  12 

For  higher  doping  and  low  temperatures,  the  tunneling  current  (Jt)  dominates.  The 
current  density  can  be  expressed  as 


J , ~ exp 


f 

V £00 


[A/cm2] 


(2-8) 


where  the  energy  term  is  given  by 

2 y es  m * 


[eV] 


(2-9) 


where  h is  hl2n.  Nd  will  increase  the  current  by  an  exponential  factor  of  Ndi/2. 

Electrons  will  also  recombine  with  holes  in  the  space-charge  region.  Holes  from  the 
metal  move  to  the  top  of  the  valence  band  (Ev)  of  the  semiconductor  while  an  electron 
from  the  semiconductor  moves  to  the  bottom  of  the  conduction  band  (Ec)  as  shown  in 
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Figure  2-3  (c).  The  electron  falls  to  the  valence  level  and  combines  with  the  hole.  This 

same  process  also  occurs  in  the  neutral  region  as  illustrated  in  Figure  2-3  (d).12 
2.1.4  Ohmic  Contacts 


Fermi-level  pinning  and  interfacial  contamination  may  prevent  formation  of  an 
ohmic  contact,  even  when  Xs  > Ohmic  contacts  require  a very  low  voltage  to 

drive  a current  across  the  contact  interface. 

For  an  Ohmic  contact,  current  is  transported  across  the  interface  by  mechanisms 
shown  in  Figure  2.4.  Current  transport  can  be  principally  ascribed  to  the  following  three 


mechanisms:  11,12,15 


Figure  2-4  Mechanisms  of  ohmic  contact  formation  at  different  doping  levels,  (a) 
thermionic  emission,  (b)  thermionic  field  emission,  and  (c)  field  emission 

First,  thermionic  emission  (TE)  is  a dominant  in  low  and  moderately  doped 
semiconductors  with  Ne(h)  < 1017  cm'3.  At  low  to  moderate  carrier  densities,  the  wide 
depletion  region  prevents  tunneling  through  the  barrier.  When  the  barrier  height  is  small, 
the  electrons  can  be  thermally  excited  over  the  top  of  the  barrier  (thermionic  emission, 


cF  & 
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Figure  2-4a).  On  the  other  hand,  for  a high  barrier,  the  majority  of  electrons  are  unable  to 
overcome  this  barrier,  resulting  in  non-ohmic  (rectifying)  contacts. 

Second,  thermionic-field  emission  (TFE)  is  applicable  for  intermediate  doping 
densities,  ~1017  cm'3  < Ne(h>  < 1018  cm'3.  Both  thermionic  and  tunneling  emissions  are 
important  (Figure  2-4b). 

Third,  field  emission  (FE)  is  only  effective  in  heavily  doped  semiconductors,  Ne(h) 
> — 10  cm  . In  this  case  the  depletion  region  is  narrow,  and  electron  or  hole  can  tunnel 
easily  from  metal  to  semiconductor  or  vice  versa  (Figure  2-4c). 

Ohmic  contacts  are  described  by  the  specific  contact  resistance,  pc,  defined  as  the 
derivative  of  the  current  density  (J)  at  a zero  voltage  (V  = 0):  1 2,1 5 

- >.  _ i 

dJ 


Pc  ~ 


ydVjy=0 


[Q  cm  ] 


(2-10) 


Metal-semiconductor  contacts  with  low  doping,  with  thermionic  emission  as  the 
dominant  mechanism,  have  specific  contact  resistivity  that  is  given  by  the  following 

equation:  12, 15 


Pc  ~ 


k ( q<j) 

exp 


qA**T 


Bn 


V *T 


[Q  cm2] 


(2-11) 


where  k is  Boltzmann’s  constant,  q is  the  electron  charge,  and  A**  is  the  effective 
Richardson  constant  for  thermionic  emission.  The  specific  contact  resistance  is  clearly 
dependent  on  temperature.  At  high  temperatures,  the  thermionic  emission  current 
increases  and  results  in  a smaller  resistance. 

The  specific  contact  resistance  for  higher  doping  level  (>10'18cm'3)  where  tunneling 
is  the  primary  method  of  electron  transport  is  given  by 
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Figure  2-5  Energy  band  diagram  for  a highly  surface  doped  n-type  semiconductor  after 
metal  contact  formation  12, 15 

where  es  is  the  semiconductor  permittivity,  h is  h/2 n,  and  Nd  is  the  donor  concentration. 
The  energy  diagram  for  an  ohmic  contact  on  a highly  [degenerately  doped]  surface  doped 
n-type  semiconductor  is  given  in  figure  2-5. 

2. 1 ,5  Contact  Resistance  Measurements 

The  contact  resistance  can  be  defined  completely  if  physical  and  operating 

parameters  are  known.  1 1 , 1 5 The  physical  parameters  are  mainly  of  contact  area  and 
thickness,  while  operating  parameters  are  predominantly  temperature  and  bias.  In 
practice,  the  contact  resistance  can  be  affected  by  a number  of  other  factors,  such  as 
interfacial  layers  (oxide  formation  or  contamination),  surface  damage,  minority  carrier 
injection,  and  deep  impurity  levels. 
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The  most  widely  used  method  for  determining  the  specific  contact  resistance  is  the 
transfer  length  method  or  transmission  line  model  (TLM).14,16  array  of  contacts  is 
fabricated  with  various  spacing  between  them  as  shown  in  figure  2-6. 

100  gm 

n 

100  gm 

u 

5 gm  10  gm  15  gm  20  gm 


Figure  2-6  Square  transfer  length  method  pattern.  Meta!  remains  in  the  gray  areas  after 
the  photo  resist  is  removed^ 

The  resistance  is  measured  as  a function  of  the  gap  spacing.  Extrapolation  of  the 
resistance  to  zero  gap  spacing  gives  a value  equal  to  twice  the  contact  resistance  Rc.  The 
distance  axis  intercept  is  equal  to  twice  the  transfer  length  Lt , which  is  given  as  the 

following  equation,  14, 16 


L, 


Pc_ 

R, 


(2-13) 


where  Rs  is  the  sheet  resistance  of  the  semiconductor  and  pc  is  the  specific  contact 
resistance.  Figure  2-7  shows  a plot  of  measured  resistance  vs.  contact  gap  spacing.  The 
transfer  length  is  defined  as  the  distance  from  the  edge  to  where  the  current  in  the  contact 
falls  to  1/e  of  its  original  value.  The  specific  contact  resistance  (pc)  can  be  calculated 

using  the  equation,  14, 16 

r 2 .w2 

Pc=^-—  = Rs-L2t  (2-14) 

Rs 

where  Rc  is  the  contact  resistance,  w is  the  width  of  contact  pattern,  Rs  is  the 
semiconductor  sheet  resistance  and  Lt  is  the  transfer  length  as  defined  as  (2-13).  The  units 
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for  pc  are  expressed  in  Q cm".  Since  the  test  pattern  should  be  isolated  so  that  current 
flows  only  in  the  space  between  dots  (no  leakage  path),  a mesa  structure  may  be 

required.  14, 16 


Figure  2-7  Plot  of  measured  resistance  vs.  contact  gap  spacing^ 

For  the  ring  pattern  of  the  circular  transfer  length  method  (C-TLM)  in  figure  2-8, 
the  device  isolation  step  can  be  omitted  because  there  is  no  leakage  path  for  current  flow. 
The  resistance  calculation  is  complex,  but  when  ri/Lt  »1,  it  can  be  simplified  and 
calculated  using  the  following  equation.  1 ? 

1 
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\r\j 


[Q] 


(2-15) 


where  ri  is  the  inner  radius,  r2  is  the  outer  one,  and  Rs  is  the  sheet  resistance  of  the 


semiconductor.  The  total  resistance  of  the  contact  is  measured  for  different  spacing  as  a 
function  of  In  (r2/ri).  The  least  square  curve-fitting  method  can  be  used  to  obtain  a 
straight  linear  plot  of 
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Figure  2-8  Circular  transfer  length  method  (C-TLM)  pattern  with  photo  resist  remaining 
in  the  white  rings 

R vs.  In(r2/ri).  The  slope  gives  Rs,  and  the  intecept  at  In  (r2/ri)  = 0 is  RsLt/ra,  leading  to 
Lt.  So  the  specific  contact  resistance  can  be  expressed  as  L,  = [pc/Rs]12.  In  practice  the 
outside  radius  is  usually  200-300  pm  and  the  gap  spacing  are  10,  20,  30,  40,  50,  60,  70, 
80  and  90  pm. 

A good  ohmic  contact  should  have  a low  specific  resistance,  high  stability,  smooth 
surface  morphology  and  good  edge  definition.  Because  contact  resistance  usually 
constitutes  a small  portion  of  the  total  measured  resistance,  caution  must  be  taken  to 
avoid  errors. 

2.2  Advantages  of  SiC  in  Electronic  Devices 
Silicon  carbide  (SiC)  is  currently  under  intensive  investigation  as  an  enabling 
material  for  a variety  of  new  semiconductor  devices  in  areas  where  silicon  devices  cannot 
effectively  compete.  These  include  high  power,  high  voltage  switching  applications,  high 
temperature  electronics  and  high  power  microwave  applications  in  the  1-10  GHz 
regime.  ^2  Silicon  carbide  is  attractive  for  these  applications  because  of  its  extreme 
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thermal  stability,  wide  energy  gap,  high  breakdown  field  strength,  high  electron 
saturation  velocity,  high  thermal  conductivity,  existence  of  stable  oxide  and 
commercially  available  SiC  bulk  wafers.  1 8-2 1 jn  foe  following  sections,  some  of  the  key 
advantages  of  using  SiC  as  electronic  devices  are  listed. 

2.2.1  High  Thermal  Stability 

Due  to  the  strong  covalent  bond  of  Si  and  C in  SiC,  it  has  very  high  melting 
temperature  at  2839°C.^  This  thermal  stability  of  SiC  promises  long-term  reliable 
operation  at  high  temperatures  where  silicon  devices  cannot  effectively  operate. 

2.2.2  Wide  Energy  Gap 

Because  of  the  wide  energy  (band)  gap  (4H-SiC:  3.25eV),  the  intrinsic  carrier 
concentration  (6.2xl0'9cm'3  at  300°K)  of  SiC  is  much  lower  than  that  of  silicon  (l.lxlO10 
cm'3  at  300°K).  The  intrinsic  carrier  concentration  (nO  is  related  to  the  energy  gap  of  the 
semiconductors  by  the  following  equation^,  18 


ni  = (Nc  -Nv)2  • exp 


(%-%)' 

2kT 


(Nc-Nv)2  - exp 


[cm'3] 


2kT 


(2-16) 


where  Nc  is  the  effective  density  of  states  in  the  conduction  band,  Nv  is  the  effective 
density  of  states  in  valence  band,  Egis  energy  gap,  and  k is  Boltzmann’s  constant.  Low 
intrinsic  carrier  concentration  allows  the  leakage  current  in  SiC  to  be  many  orders  of 
magnitude  lower  than  in  silicon  and  an  intrinsic  temperature  well  over  800°C  is  observed. 
This  electronic  property  makes  SiC  attractive  for  high  temperature  devices  and  high 
radiation  environment  applications. 
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2.2.3  High  Breakdown  Field  Strength 

Fig.  2-9  shows  that  breakdown  voltages  of  Si  and  SiC  according  to  doping  level. 
The  breakdown  field  strength  (3.8x1 0G  V/cm)  in  SiC  is  8 times  higher  than  Si  due  to  the 

wide  energy  gap  of  SiC. 22  High  breakdown  field  strength  is  critical  for  power  switching 
devices,  because  the  specific  on-resistance  scales  inversely  as  the  cube  of  the  breakdown 


Figure  2-9  Breakdown  voltage  changes  in  SiC  and  Si  according  to  doping  level— 
field.  Thus,  SiC  power  devices  are  expected  to  have  a specific  on-resistance  100-200 

times  lower  than  Si  devices. 22 

2.2.4  High  Electron  Saturation  Velocity 

The  electron  mobility  in  SiC  is  lower  than  in  Si,  which  gives  slower  electron 
response  in  SiC  than  in  Si.  However,  the  electron  saturation  velocity  (2.2x1 07cm/sec)  at 
high  electric  field  is  two  times  higher  than  Si,  as  shown  in  Fig.  2-10.23  This  is  an 
important  parameter  for  high  power  radio  and  microwave  applications.  The  field 
dependence  of  electron  drift  velocity  can  be  represented  by  the  two  following  equations 

at  low  and  high  electric  field,  respectively.  13,23 
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Vdnft  = J-J-n  • E [cm/sec] 

Vdrift  = Vsat  [cm/sec] 


: at  low  £-field 

: at  high  is-field 


Figure  2-10  Electron  drift  velocity  change  in  SiC  and  Si  according  to  electric  field23 

2.2.5  High  Thermal  Conductivity 

The  high  thermal  conductivity  (4.9W/cm°K)  of  SiC  results  in  a fast  cooling  rate 
during  device  operation  at  high  power  and  high  frequency.  Therefore,  this  will  reduce  the 
cooling  requirements  of  the  system.  This  property  is  critical  for  aircraft  applications  in 
terms  of  minimizing  the  total  mass  of  the  system.  1 8,24 

2.2.6  Existence  of  Stable  Oxide 

SiC  is  the  only  compound  semiconductor  that  can  be  thermally  oxidized  to  form  a 
high  quality  native  oxide  (SiCh).  The  stable  oxide  makes  it  possible  to  fabricate  metal 
oxide  semiconductor  field  effect  transistors  (MOSFET),  insulated  gated  bipolar 

transistors  (IGBT),  and  MOS-controlled  thyristors  (MCT)  using  SiC.  *8 
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2.2.7  Commercially  Available  SiC  Bulk  Wafers 

Single  crystal  bulk  wafers  of  SiC  have  been  commercially  available  since  1990 
(current  standard:  2"  diameter).  This  makes  SiC  a strong  candidate  for  high  temperature 
and  high  power  electronic  devices. 

2.2.8  Polytypism  of  SiC 

There  are  a wide  variety  of  polytypes  of  silicon  carbide  with  differing  electrical  and 
physical  properties.  The  energy  gap  is  2.390  eV  for  3C-SiC  and  3.330  for  2H-SiC.25  A 
polytype  is  a material  that  consists  of  the  same  chemical  composition  but  the  atomic 
stacking  sequence  changes  in  a regular  way  over  distance.  Over  170  different  polytypes 
exist  for  SiC. 25  The  a-SiC  consists  of  rhombohedral  (R)  and  hexagonal  (H)  types  or 
wurtzite  structure.  The  P-SiC  describes  the  cubic  (C)  or  zinc  blende  structure.  There  are 
a few  common  types  of  a-SiC:  namely  2H,  4H,  6H,  and  15R.  The  2H  and  15R  types  are 

rare.25  The  two  polytypes  of  interest  are  typically  4H  and  6H  for  their  electrical 
properties. 

The  structures  of  the  five  key  polytypes  are  shown  in  Figure  2-11.  The  6H  structure 
consists  of  about  33%  hexagonal  structure,  meaning  that  the  stacking  sequence  consists 
of  two  (identical  neighboring)  hexagonal  bilayers  and  four  (different  neighboring)  cubic 
bilayers.  The  3C-SiC  is  difficult  to  grow  in  large  volumes  and  consequently  is  not 
commercially  available.  Anti-phase  boundaries,  stacking  faults,  and  threading 
dislocations  are  defects  that  occur  during  growth  and  influence  the  properties  of 
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Figure  2-1 1 Properties  of  various  polytypes  of  silicon  carbide^ 

both  a-  and  P-SiC.  These  defects  led  to  “leaky”  pn  junctions. 25  Important  physical 

properties  of  a few  major  semiconductors  are  listed  in  Table  2-1. 

Table  2-1  Important  physical  properties  of  major  semiconductors  18,2 1,24 


Materials 

Eg(eV) 

Pn 

(cm7V»s) 

Ec 

(106V/cm) 

Vsat 

(107cm/s) 

X (W/cm) 



nj  (cm" ) at 

300°K 

Si 

1.12 

1350 

0.3 

1.0 

1.5 

1.5xl010 

Ge 

0.66 

3900 

0.1 

0.5 

0.6 

2.4xl013 

GaAs 

1.43 

8500 

0.4 

2.0 

0.5 

1.8xl06 

6H-SiC 

3.0 

370a,  50c 

3.0 

2.2 

4.9 

2.4x1 0"5 

4H-SiC 

3.26 

72 0a,  65 0C 

3.8 

2.2 

4.9 

6.2x1 0"9 

Diamond 

5.45 

1900 

5.6 

2.7 

20 

2.4x1 0"27 

a : a-axis,  c : c-axis 
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2.3  Applications  of  SiC 

2.3.1  Power  Devices  (Rectifying  & Power  Switching  Devices) 

For  high  power  applications,  SiC  devices  can  be  used  as  transistors  and  thyristors. 
In  transistor  application,  power  MOSFET  structures  can  be  utilized.  Schottky  diodes, 
junction  diodes,  Thyristor  and  GTO  (Gate  turn-off  Thyristor)  are  devices  for  power 
rectifying  applications. 2>  1 8,26,27 

2.3.2  High  Temperature  Devices 

Aerospace  (“more  electric  aircraft”),  automobile  (engine)  and  geothermal  sensor 
applications  are  areas  that  require  the  high  temperature  (200  ~ 500°C)  capability  of 
electronic  devices.  Due  to  its  wide  energy  gap,  SiC  can  be  used  for  devices  operating 

under  high  radiative  environments,  such  as  satellites  and  space  exploration.^*  18,26,27 

2.3.3  High  Frequency  Power  Devices 

Metal  Semiconductor  Field  Effect  Transistor  (MESFET)  and  Static  Induction 
Transistor  (SIT)  are  two  major  vehicles  being  developed  for  the  high  frequency,  high 
power  (RF  and  microwave  frequency)  devices  using  SiC. 2*  18,26,27 

2.3.4  Substrate  Material  for  GaN 

As  a substrate  material  for  the  Optoelectronic  device  applications  (GaN  light 
emitting  diodes-LEDs  and  diode  lasers),  SiC  has  advantages  over  the  conventional 
substrate  material  (AI2O3:  Sapphire)  due  to  its  better  lattice  matching  to  GaN.  Higher 
thermal  conductivity  of  SiC  also  allows  the  GaN  devices  to  have  a faster  cooling  rate. 24 

2.4  Requirements  for  Ohmic  Contact  to  SiC 
There  are  four  essential  requirements  for  ohmic  contacts  to  SiC. 6 They  can  be 
summarized  as  follows.  First,  a reproducible  and  low  specific  contact  resistance  (pc)  is 
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required.  This  is  essential  for  high  frequency  operation  to  reduce  power  loss  across  the 
metal  semiconductor  junction.  Second,  high  temperature  and  high  power  means  that  the 
contacts  must  be  reliable  under  extreme  operating  conditions.  Thermal  stability  with  SiC 
at  high  temperatures  and  mechanical  stability  of  ohmic  contacts  are  critical.  Third,  a 
uniform,  shallow  and  abrupt  metal  semiconductor  interface  is  important  for  both  long 
time  stability  and  device  performance.  Since  long  time  and  high  temperature  annealing 
could  degrade  the  interface  quality,  stability  of  interfacial  phases  and  the  device 
performance  (junction  depth,  transistor  parameters  and  materials  compatibility),  the 
ohmic  contact  process  needs  to  be  optimized  to  have  a uniform,  abrupt  and  stable 
interface.  Finally,  surface  and  interface  oxidation  issues  need  to  be  controlled  to  obtain 
stable  ohmic  contacts. 

2.5  Recent  Trends  in  Ohmic  Contacts  to  n-tvpe  4H  SiC 
2.5.1  Nickel-based  Ohmic  Contacts 

Ohmic  contacts  to  n-type  SiC  have  been  formed  from  a variety  of  silicides, 
carbides  and  single  metal  elements.  Nickel  (Ni)-based  metal  contacts  has  been  proposed 
as  the  most  suitable  and  promising  candidate  for  the  fabrication  of  ohmic  and  rectifying 
metal  contact  to  n-type  4H  silicon  carbide, 5,7,8,28, 29  and  already  used  for  high 
voltage  SiC  Schottky  rectifier.  For  fabricating  ohmic  contacts  on  SiC  using  nickel, 
annealing  processes  of  Ni/SiC  are  generally  performed  under  different  atmospheres  at 
950~1000°C,  all  resulting  in  low 
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Figure  2-12  Rutherford  backscattering  spectrometry  (RBS)  spectrum  for  annealed 
Ni/SiC  sample5 

values  of  specific  contact  resistance.  One  of  the  studies  on  the  n-type  ohmic  contact 
based  on  Ni  has  reported  specific  contact  resistance  as  low  as  ~5xlO'6Qcm2.5  The  low 
contact  resistance  and  ohmic  contact  formation  is  attributed  to  the  formation  of  nickel 
silicide  (Ni2Si)  at  the  interface.5^, 28  The  ggg  spectrum  with  simulations  (Figure  2-12) 
and  AES  data  suggested  the  formation  of  Ni2Si  phase  at  the  interface.  The  annealing 
process  that  forms  the  ohmic  contact  results  in  the  formation  of  a nickel  silicide  layer 
with  incorporated  C and  O throughout  the  layer.5 

It  is  reported  that  there  are  issues  from  metal  semiconductor  interface  broadening 
and  roughening  after  annealing.5^  This  could  degrade  the  device  performances.  Ni 
diffusion  into  the  substrate  and  inter-diffusion  between  Ni  and  other  metal  layers  needs  to 
be  optimized.  There  is  a concern  due  to  the  generation  of  excess  carbon  at  the  metal-SiC 
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interface  after  silicide  reaction.  This  excess  carbon  layer  could  be  a problem  for  high 
temperature  reliability.^ 

2.5.2  Other  Approaches  for  Ohmic  Contacts  to  n-SiC 

Recently  there  have  been  many  new  efforts  and  approaches  in  the  Ni  based  ohmic 
contact  area  to  improve  the  properties.  A Ni-Cr  system  was  tried  to  reduce  interdiffusion 
between  the  Ni  and  a Au  cap  layers  for  wire  bonding.  Metal  interdiffusion  between  the  Ni 
and  Au  cap  layer  was  reduced  due  to  the  relatively  large  Cr  concentration  at  the  surface 
of  the  Ni-Cr  contact  layer  that  acted  as  a barrier.  Enhanced  Ni  adhesion  to  the  Au  cap 
layer  was  also  reported.  The  electrical  characteristics  of  the  Ni-Cr  contacts  were  similar 
to  those  for  pure  Ni  contacts.^ 

Experiments  with  Al/Ni/Al/SiC  structures  were  also  reported  to  result  in  improved 
interfaces  due  to  Al-0  and  Al-C  reactions.  In  this  study  A1  was  selected  based  on  reports 
of  the  formation  of  carbide  and  oxide  that  could  reduce  unreacted  carbon  and  interfacial 
oxides. 30  The  top  A1  layer  was  mainly  consumed  by  formation  of  AI2O3  to  avoid  Ni 
surface  oxidation.  The  bottom  A1  layer  was  believed  to  prevent  voids  at  the  interface  and 
also  to  reduce  the  oxide  on  the  semiconductor  surface  (Figure  2-13).  The  bottom  A1  layer 
did  not  participate  in  creating  the  actual  ohmic  contact.  Some  of  the  excess  carbon  was 

reduced  due  to  the  Al-C  reaction  that  resulted  in  the  formation  of  AI4C3.3O 
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Figure  2-13  X-ray  photoemission  profiles  of  an  Al/Ni/Al/SiC  structure  annealed  at 
1000°C30 

Metal  structures  of  Ni/Si/SiC  and  Si/Ni/SiC  were  utilized  to  prevent  SiC 
dissociation  during  contact  formation.  The  structural  and  chemical  properties  of  the 
interface  were  improved  by  using  Ni/Si  layers  instead  of  pure  nickel  for  ohmic  contacts 
on  n-SiC.  These  structures  resulted  in  reduced  excess  carbon  at  the  interface  by  providing 

a Si  source  for  getting  any  free  1 A N^Si  layer  was  formed  after  annealing.  Figure 
2-14  shows  that  lower  carbon  concentrations  were  observed  at  the  interface  and  within 
the  contact  layer  in  Ni/Si/SiC  and  Si/Ni/SiC  contacts  as  compared  to  Ni/SiC  contacts. 

The  number  of  interface  voids 
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Figure  2-14  X-ray  photoemission  profiles  of  Ni-Si/SiC  ^ructure  annealed  at  950°C  for 
lOmin8 

decreased  significantly  leading  to  an  enhancement  of  the  contact  reliability.  The  Si/Ni 
ratio  and  the  influence  of  the  thickness  of  the  interfacial  Si  layer  were  important  factors 
optimized  for  this  contact  structure. 

Ohmic  contacts  using  Al/Ni/Ti/SiC  and  Al/Ni/Al/SiC  structures  were 
investigated. 32  Nickel  silicide  (Ni2Si)  layers  formed  after  annealing.  Ni2Si  with  a (203) 
texture  is  the  dominant  phase  after  900°C  annealing.  Continued  annealing  to  1 000°C 
caused  a decrease  of  the  TiC  and  Ni2Si  (203)  X-ray  diffraction  (XRD)  peaks.  As  shown 
in  Figure  2-15  (c),  many  peaks  at  positions  corresponding  to  different  orientations  of 
Ni2Si  were  observed.  A1  at  the  interface  improved  interface  oxidation  in  Al/Ni/Al 
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structure.  The  Ti-C  reaction  reduced  excess  carbon  formation  at  the  interface  in  Al/Ni/Ti 
contact.32  The  A1  and  Ti  layers  did  not  participate  in  forming  the  actual  ohmic  contact, 
but  they  improved  the  contact  stability  by  reducing  the  interface  oxide  and  reacting  with 
carbon.  Titanium  seems  to  give  a better  metal/n-SiC  interface  than  aluminum,  resulting 
in  better  contact  resistance  on  n-type  SiC  than  Al/SiC  contact 


Figure  2-15  X-ray  diffraction  pattern  of  Ti/Ni/Al/SiC  contacts  (a)  as  deposited,  (b) 
annealed  at  900°C  for  5 min  and  (c)  1000°C  for  5 min^2 

A multi-layer  metal  structure,  Pt/Ti/WSi/Ni/SiC,  was  studied  in  an  attempt  to 
reduce  the  unreacted  carbon  and  to  provide  silicon  from  the  source.  The  annealing 
temperature  was  varied  from  900  to  1000°C.6  Annealing  at  900°C  caused  the  I-V 
characteristics  to  become  more  ohmic  (Figure  2-16).  The  contacts  became  fully  ohmic 
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after  a 950°C  anneal.  A further  reduction  in  resistance  and  the  best  ohmic  behavior  was 
achieved  after  annealing  at  1000°C.  Thus,  annealing  at  temperatures  between  900  and 
1000°C  significantly  enhanced  the  current  conduction  through  the  contacts.  The  AES 
depth 


Voltage  (V) 


Figure  2-16  I-V  characteristics  of  the  Ni/WSi/Ti/Pt  ohmic  contacts  to  n-SiC  as  deposited, 
annealed  at  900°C,  950°C  and  1000°C  for  30  sec6 


1 000°C  Annealed 


Figure  2-17  AES  depth  profile  for  (a)  the  as  deposited  and  (b)  the  1000°C  annealed 
Ni/WSi/Ti/Pt/SiC  contacts  on  n-SiC6 

profiles  for  the  as  deposited  and  1000°C  annealed  samples  are  shown  in  Figure  2-17.  In 
the  as  deposited  contact,  the  layer  sequence  is  distinct.  Extensive  intermixing  has 
occurred  in  response  to  the  1000°C  heat  treatment.  XRD  analysis  showed  that  WC  and 
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TiC  layers  formed  at  the  interface  after  annealing,  reducing  the  excess  carbon  from  the 
metal  carbon  reactions.  SEM  images  showed  that  the  WC  and  TiC  layers  reduced 
interface  roughening  and  voids. 6 

Other  ohmic  contacts  using  TiC  to  n-type  SiC  have  also  shown  promise,  but  with 
higher  contact  resistances  of  ~10'4~10'5Qcm2.33,34  Numerous  other  metals  have  been 
tried,  including  W,  WN,  Ta  and  TiN.35,36  \y  an(j  WN  ohmic  contacts  have  excellent 
thermal  stability  but  require  too  high  an  annealing  temperature. 3 5 Many  other 
metallizations,  namely  Ta,  TaC,  Ti/Au,  Co  and  TiN,  have  been  investigated  for  ohmic 
contacts  with  some  interesting  results7>37 

Based  on  these  studies,  Ni-based  contacts  have  been  suggested  to  be  superior 
candidates  for  ohmic  contact  to  n-SiC  due  to  their  reproducible  low  specific  contact 
resistance.  3 

2.5.3  Interfacial  Reactions  in  Ni-based  Ohmic  Contacts 

There  have  been  many  studies  of  the  onset  of  the  silicide  reactions  in  Ni-based 
ohmic  contacts  to  n-SiC.  However,  there  is  poor  agreement  since  the  temperatures 
reported  range  from  300~600°C. 38-40  Ni  reacts  with  SiC  and  forms  nickel  silicide 
(N^Si)  and  graphite,  the  latter  being  either  uniformly  distributed  inside  the  silicide  layer 
or  as  a surface  layer. 

Pai,  Hansen,  and  Lau38  studied  the  metallurgical  interaction  of  Ni  on  SiC  using  X- 
ray  diffraction  and  Rutherford  backscattering  spectrometry.  Nickel  on  SiC  shows  no 
detectable  reaction  after  annealing  at  400°C.  The  ion  backscattering  spectra  of  a Ni/SiC 
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sample  before  and  after  annealing  at  500  and  700°C  are  shown  in  Fig.  2-18.  Ni  has 


completely 


Figure  2-18  Backscattering  spectra  of  Ni/SiC  samples  before  and  after  annealing  at  500 
and  700°C38 

reacted  with  the  SiC  substrate  after  annealing  at  500°C.  The  atomic  ratios  of  Ni  to  Si  in 
the  reaction  products  were  measured  to  be  2.3  and  1.8  after  annealing  at  500  and  700°C, 
respectively.  X-ray  diffraction  analysis  showed  that  both  Ni3iSii2  and  Ni2Si  coexist  after 
annealing  at  500°C.  Ni2Si  is  the  only  silicide  phase  observed  after  annealing  between  700 
and  900°C. 

In  the  case  of  Ni/Si  contacts,  Ni2Si  forms  at  250°C,  transforming  to  NiSi  at  400°C 

and  NiSi2  at  800°C.38  Ni/SiC  contacts  show  that  higher  temperatures  are  required  to 
cause  the  initial  reactions  and  that  a metal-rich  silicide  is  formed  first  in  both  cases.  For 
comparison  the  results  obtained  for  Ni/Si  vs.  Ni/SiC  reactions  are  listed  in  Table  2-2. 
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Table  2-2 

Phases  and  atomic  ratios  of  reaction  products  of  Pd  and  Ni  on  SiC  and  Si 
substrates  after  annealing^ 

Pd/SiC 

Pd/Si 

Ni/SiC 

Ni/Si 

7TQ 

Pluses  identified 
by  x-ray 
diffraction 

P d to  Si 
atomic  ratios 
by  RBS 

Phases 

formed3 

Phases  identified 
by  x-ray 
diffraction 

Ni  to  Si 
atomic  ratios 
by  RBS 

Phases 

formed* 

J00 

No  reaction 

No  reaction 

Pd, Si 

No  reaction 

No  reaction 

Ni,Si 

400 

No  reaction 

No  reaction 

Pd, Si 

No  reaction 

No  reaction 

NiSi 

500 

Pd, Si 

2.9 
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The  reason  for  the  differences  in  the  reaction  temperature  is  that  the  bonding  between  Si 
and  C play  an  important  role  in  the  formation  of  a silicide  on  SiC.  The  difference  in 
electro  negativities,  A%,  between  Si  and  C is  about  0.7,  thus  leading  to  a partial  ionic 

bonding  characteristic  of  SiC. 38  The  partial  ionic  bonding  nature  of  SiC  may  limit  not 
only  the  supply  of  Si  during  reaction,  but  also  raise  the  reaction  temperatures  as  well,  due 
to  the  need  to  break  Si-C  bonds.  The  activity  of  Si  in  SiC  is  obviously  less  than  that  in  Si 
itself.  In  forming  silicides  for  SiC,  the  free  energy  driving  force  is  reduced  by  the  free 
energy  formation  of  SiC.  Thus,  in  the  case  of  reactions  with  SiC,  compounds  requiring 
less  SiC  dissociation  will  be  increasingly  favored  relative  to  reactions  with  elemental  Si 
for  any  given  silicide. 

Because  of  the  low  sensitivity  of  the  backscattering  technique  for  light  elements, 
the  measurement  of  the  amount  of  the  carbon  in  the  reacted  fdm  could  not  be  performed. 
Thus,  the  behavior  of  the  carbon  atoms  during  the  metal/SiC  interface  reaction  has  not 
been  clarified. 

Ohdomari  et  al^9  used  a high-energy  ion  backscattering  technique  with  resonance 
scattering  of  helium  and  carbon  to  obtain  a highly  sensitive  analysis  of  carbon  contained 
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in  SiC  substrate  and  in  reaction  products.  The  atomic  ratio  of  Ni  to  Si  gradually  changes 
in  the  reacted  film,  and  the  ratio  near  the  surface  and  interface  were  measured  to  be  2.5 
and  2.0,  respectively.  As  shown  in  Figure  2-19,  the  carbon  signal  was  high  enough  to 
separate 


Figure  2-19  Ion  backscattering  spectra  (a)  Ni/SiC  before  annealing,  (b)  Ni/SiC  annealed 
at  600°C  for  10  min  in  forming  gas^9 

from  that  of  Si.  Carbon  is  distributed  uniformly  with  a concentration  of  about  25  at.  % 
throughout  the  reacted  film.  The  XRD  spectra  also  demonstrated  that  polycrystalline 
Ni2Si  was  formed  in  the  reacted  film. 

The  Auger  spectra  were  taken  at  different  sputtering  times.  The  C KLL  spectra  at 
sputtering  times  of  10-180  min  are  shown  in  Fig  2-20.  Some  line  shapes  of  C KLL  Auger 
spectra  are  shown  from  (a)  to  (c).  The  remarkable  difference  of  the  line  shape  between 
(a),  (b)  and  (c)  is  indicated  by  the  arrows.  The  line  shape  of  C KLL  spectra  at  sputtering 
times  of  10-120  min  ((a)  and(c))  was  that  of  elemental  carbon,  which  is  called  “graphite 
carbon”,  not  to  carbide. 39  The  line  shape  after  sputtering  for  180  min  is  identical  to  that 
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of  SiC.  There  was  no  indication  of  nickel  carbide  formation.  Ni,  Si  and  C are  distributed 
uniformly  in  the  reacted  film. 


Figure  2-20  AES  depth  profile  of  specimen  annealed  at  600°C  for  10  min^9 

In  this  study  Ni  carbide  was  not  detected.  Single-phase  polycrystalline  N^Si  was  formed 

as  the  only  reaction  products. 39 

Porter  et  al.  reviewed  the  formation  of  ohmic  contacts  on  SiC. 28  The  sequence  of 
phase  formation  in  bulk  diffusion  couple  was  Ni  / N^Si  / N^iSi^/  N^Si  / SiC.  Carbon 
in  the  form  of  graphite  is  found  not  only  at  the  interface  with  SiC,  but  also  throughout  the 
Ni3iSii2  and  N^Si  layers.  The  situation  is  expected  to  differ  for  thin  Ni  films  deposited 
on  a SiC  substrate.  There,  the  limited  amount  of  Ni,  the  large  surface  to  volume  ratio  of 
the  film,  and  the  huge  stresses  typically  observed  in  thin  films  impose  different  boundary 
conditions  that  could  lead  to  reaction  pathways  different  from  those  of  bulk  reactions. 28 

In  terms  of  carbon  distribution  after  annealing,  Pai  et  al.38  reported  the  formation 
of  the  Ni3i  Sii2  phase  after  annealing  at  500°C,  30  min  and  the  N^Si  phase  after  700°C, 
30min  annealing  in  vacuum.  However,  carbides  were  not  found.  In  the  study  by 
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Ohdomari  et  al.^9  where  annealing  was  performed  in  forming  gas,  no  reaction  between 
the  Ni  film  and  6H-SiC  was  observed  at  500°C.  At  600°C,  N^Si  forms,  carbon  bonds  are 
found  to  be  graphitic  and  the  carbon  concentration  is  described  as  being  constant 
throughout  the  reacted  film,  except  near  the  N^Si/SiC  interface  where  the  carbon  is 

slightly  depleted.  No  such  depletion  is  reported  by  Marinova  et  al.,^  but  NiSi  rather  than 
Ni2Si  is  inferred  to  exist  (probably  erroneously)  from  X-ray  photoemission  spectroscopy 
on  a sample  annealed  in  forming  gas  at  1000°C  for  lh.  Rastegaeva  et  al .41  on  the  other 
hand,  see  an  enhancement  of  carbon  at  the  N^Si/SiC  interface  in  their  Auger  electron 
spectrum  of  a sample  annealed  in  vacuum  at  1000°C  for  an  unspecified  duration.  They 
propose  that  this  enrichment  is  a key  factor  in  the  formation  of  an  ohmic  contact. 
Marinova  et  al.8  also  observe  a carbon  peak  at  the  N^Si/SiC  interface  in  an  X-ray 
photoemission  profile  of  a sample  annealed  in  an  N2  atmosphere  for  10  min  at  950°C. 
According  to  Crofton  et  al.5,  the  role  of  carbon  incorporation  is  not  well  understood  yet. 

Bachli  et  al.40  reported  X-ray  diffraction  data  from  the  samples  with  different 
annealing  temperatures.  As  shown  in  Fig  2-21,  after  annealing  at  500°C,  the  Ni  peaks 
disappeared  completely  and  new  peaks  emerge  that  can  be  attributed  to  the  Ni3tSii2 
phase.  At  600°C,  these  Ni3iSi)2  peaks  weakened  and  some  of  the  main  peaks  of  the 
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Figure  2-21  X-ray  diffraction  spectra  for  Ni/SiC  samples  before  and  after  vacuum 
annealing  for  30  min  at  400,  500,  600  or  700°C40 

Ni2Si  phase  appeared.  This  phase  is  the  only  one  detected  by  X-ray  diffraction  after 

annealing  at  700°C.  The  films  were  strongly  textured.  Backscattering  spectra  of  the 

samples  annealed  at  different  temperatures  are  given  in  Fig.  2-22,  supporting  the  XRD 

data.  The  peak  of  the  backscattering  signal  indicates  a high  carbon  concentration  at  the 

surface.  This  carbon  layer  is  too  thin  to  be  resolved  by  backscattering  spectrometry.  The 

N^Si  phase  began  to  form  at  600°C.  The  N^Si  phase  nucleates  at  or  close  to  the  surface 

and  grows  toward  the  SiC/  Ni3i Sii2  interface.  The  final  state  was  a layer  of  N^Si  with 
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Figure  2-22  Backscattering  spectra  of  the  SiC/Ni  samples  annealed  at  different 
temperatures^ 

incorporated  carbon.  Neither  the  crystallographic  structure  not  the  morphology  of  this 
carbon  was  specified  except  that  it  was  uniformly  distributed  in  aerial  average. 

Crofton  et  al.^7  have  concluded  that  after  a 2 min  annealing  at  950°C  in  a vacuum, 
a Ni  film  on  6H-SiC  also  turns  into  N^Si.  All  existing  evidence  thus  points  towards  the 
conclusion  that  this  N^Si  phase  is  independent  of  the  poly  type,  the  polarity  of  the  SiC 
and  the  details  of  the  annealing  cycle,  as  long  as  the  system  has  had  the  opportunity  to 
reach  its  thermodynamically  stable  state.  The  time-temperature  cycle  and  the  vacuum 
conditions  may  affect  the  kinetics  and  the  pathway  of  the  reaction.  This  in  turn  could 
change  the  morphology  of  the  carbon  and  silicide  in  the  final  state.  The  ability  to  reduce 
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the  carbon  content  of  the  reacted  layer  has  practical  relevance  because  graphitic 
inclusions  tend  to  increase  the  resistivity  of  the  reacted  layer.40>42 

Additional  insight  can  be  gained  from  cross-sectional  transmission  electron 
micrographs  of  annealed  Ni/SiC  samples.  In  bulk  diffusion  couples,  a laterally  and 
perpendicularly  discontinuous  distribution  of  carbon  in  the  reacted  nickel  silicide  layer 

has  often  been  reported. Cross-sectional  micrographs  for  Ni/SiC  contacts  have  been 
recently  published.^  After  2 min  of  annealing  at  950°C  in  a N2  ambient  of  a 150  nm  Ni 

film  on  6H-SiC,  Marinova  et  al.^  see  a fully  reacted  layer  of  Ni2Si  that  contains  many 
light  globular  and  banded  features  they  interpret  as  Kirkendall  voids.  Gasser  et  al. 
annealed  their  sample  of  a 300  nm-thick  Ni  film  on  3H-SiC  for  30  min  at  700°C  in 
vacuum  and  see  a fully  reacted  layer  of  Ni2Si  that  contains  elongated  light  features 
perpendicular  to  the  plane  of  the  layer.40  High-resolution  images  identified  them  as  nano 
grains  of  graphitic  carbon.  If  nickel  is  the  dominant  moving  species  throughout  all 
reactions  that  lead  to  the  layer  of  Ni2Si  and  carbon,  Kirkendall  voids  would  not  be 
expected  to  exist  at  the  Ni2Si  interface  and  within  the  bulk  of  the  Ni2Si,  so  the  light 
banded  features  along  the  Ni2Si/SiC  interface  would  represent  a region  of  enriched 
carbon.  The  Auger  and  X-ray  photoemission  profiles  are  consistent  with  such  an 
interpretation. 

Ohi  et  al.43  used  soft  X-ray  emission  spectroscopy  (SXES)  with  synchrotron 
radiation  to  characterize  annealed  Ni/4H-SiC  samples.  Si  L2i3  SXE  showed  the  formation 
of  Ni2Si  for  annealing  temperatures  at  600,  800  and  950°C  as  shown  in  Fig  2-23. 
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Figure  2-23  Si  L2,3  emission  band  spectra  for  Ni/SiC  samples  annealed  at  (a)  600°C,  (b) 
800°C  and  (c)  950°C  with  the  standard  spectra  of  (d)  4H-SiC  and  (e)  N^Si^ 

The  C K SXE  indicated  the  formation  of  graphite  and  graphitic  carbons  at 
annealing  temperatures  of  950°C  and  below  800°C,  respectively.  To  investigate  further 
the  chemical  states  of  the  carbon  species,  C K SXES  studies  were  carried  out.  Fig.  2-24 
shows  C K spectra.  Fig.  2-24  (a),  (b)  and  (c)  show  the  spectra  for  Ni/SiC  samples 
annealed  at  600,  800  and  950°C.  Fig.  2-24  (d)  and  (e)  shows  the  standard  spectra  for  4H- 
SiC  and  graphite.  Each  spectrum  was  measured  with  incident  photon  energy  of  350eV, 
and  is  normalized  by  the  highest  peaks.  The  C K SXE  for  4H-SiC  (Fig  2-24  (d))  and 
graphite  (e)  have  prominent  peaks  at  energies  of -278  and  -276  eV,  respectively.  The  C 
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Figure  2-24  C K emission  band  spectra  for  Ni/SiC  samples  annealed  at:  (a)  600°C,  (b) 
800°C  and  (c)  950°C  with  the  standard  spectra  of  (d)  4H-SiC  and  (e) 
graphite43 

spectrum  for  the  Ni/SiC  sample  annealed  at  950°C  (c)  shows  a broader  peak  at  -278  eV 
with  a shoulder  around  276  eV.  Samples  annealed  at  600  and  800°C  exhibit  small  peaks 
around  283  eV,  in  addition  to  the  main  peaks  at  -278  eV.  Thus,  the  SXE  spectrum  for 
each  of  the  annealed  Ni/SiC  samples  differs  from  the  standard  spectra,  and  the  chemical 
states  of  carbon  atoms  in  the  samples  could  not  be  identified  by  simple  comparison  with 
the  standard  materials. 

In  order  to  explain  the  C K emission  from  Ni/SiC  samples,  decomposition  of  these 
spectra  was  carried  out.  Fig.  2-25  shows  the  result  for  the  sample  annealed  at  950°C.  The 
measured  spectrum  could  be  separated  into  the  C K spectrum  for  4H-SiC  (cross)  and  for 
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Figure  2-25  The  C K emission  spectra  for  Ni/SiC  samples  annealed  at  950°C  was 

decomposed  into  standard  C K spectra  for  4H-SiC  (cross)  and  graphite  (open 
circle)  with  the  spectral  ratio  0.52:0.4843 

graphite  (open  circle)  with  intensity  ratio  of  0.52:0.48.  Thus,  the  SXE  spectrum  from  the 
sample  annealed  at  950°C  is  the  superposition  of  SXE  from  4H-SiC  and  graphite.  This 
indicates  that  carbon  atoms  existed  in  the  reacted  region  as  graphite.  The  graphite  should 
be  composed  of  fine  grains,  because  crystalline  graphite  is  not  detected  by  the  X-ray 
diffraction 

Roccaforte  et  al.44,45  aiso  confirmed  the  formation  of  N^Si  phase  after  annealing 
of  the  Ni/SiC  samples  using  X-ray  diffraction  spectra.  Fig  2-26  shows  the  XRD  spectra 
of  two  samples  annealed  in  vacuum  at  600°C  for  25  min  or  undertaken  to  RTA  at  700°C 
in  N2  for  60  sec.  The  thermal  treatment  of  the  Ni/SiC  samples  result  in  both  cases  in  the 


formation 


41 


Figure  2-26  XRD  spectra  of  the  Ni/SiC  samples  annealed  in  vacuum  at  600°C  for  25  min 
and  in  N2  at  700°C  for  60  s.  In  both  cases  the  N^Si  phases  forms. 44 

of  polycrystalline  nickel  silicide  (N^Si).  The  main  peaks  observed  are  associated  wit 

diffraction  from  the  planes  (240),  (203)  and  (133)  of  the  phase  N^Si.  The  coexistence 

with  other  nickel  rich  phases  like  Ni2Sii2,  which  has  the  largest  negative  enthalpy  of 

formation,  was  not  detected  under  these  annealing  conditions.  In  both  cases  diffraction 

peaks  from  pure  nickel  were  not  observed,  indicating  that  the  deposited  film  completely 

reacted  after  these  thermal  treatments.  Annealing  at  higher  temperature  up  to  1 000°C  did 

not  induce  the  formation  of  phases  other  than  N^Si,  and  no  evidence  of  carbide  could  be 


found. 
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Figure  2-27  Carbon  distribution  profile  obtained  by  EDX  in  a Ni/SiC  sample  after 
annealing  in  vacuum  at  600°C  for  25  min.  The  dashed  line  indicates  the 
position  of  the  Ni/SiC  interface44 

The  redistribution  of  carbon  after  silicide  formation,  which  is  one  of  the  most 
controversial  arguments  in  the  studies  on  Ni/SiC  solid  state  reaction,  was  monitored  by 
means  of  EDX  and  the  obtained  carbon  profile  is  reported  in  Fig  2-27.  Carbon  is  almost 

uniformly  distributed  inside  the  films,  thus  confirming  the  RBS  analysis.44*45 
2.5.4  Advantages  and  Issues  of  Ni-based  Ohmic  Contact 

The  nickel-based  contacts  have  been  studied  as  a major  material  for  ohmic  contact 
to  n-type  4H  SiC.  The  n-type  ohmic  contacts  based  on  nickel  are  currently  reported  to 
have  the  lowest  specific  contact  resistance  (~5xl0'6  Qcm2)5  due  to  the  formation  of 
stable  and  reproducible  metal  silicides  at  the  interface  during  annealing. 

However,  the  difficulty  of  controlling  the  metal  contact  properties,  as  well  as  the 
need  of  optimal  annealing  conditions  to  reduce  the  risk  of  nickel  oxidation,  remain 
limiting  factors  for  many  industrial  applications.  There  are  four  major  issues  related  to 
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nickel  based  ohmic  contacts  to  n-SiC  in  terms  of  the  difficulty  of  controlling  the  metal 

contact  properties3-?:  broadening  of  the  metal  SiC  interface;  rough  interface  morphology 
with  voids;  excess  carbon  segregation  released  from  silicide  reaction  at  the  metal  SiC 
interface;  and  substantial  roughening  of  the  contact  surface.  The  interface  roughness  and 
voids  formation  is  shown  in  figure  2-28. 

The  Ni  diffusion  into  the  SiC  substrate  causes  excessive  interfacial  reactions  deep 
into  the  substrate.  This  limits  the  device  performances  in  achieving  a shallow  junction 
depth  of  transistors. 


Figure  2-28  Interface  roughness  and  voids  formation  in  Ni/n-SiC  contact  after 
annealing^ 

Interface  roughness  and  interface  broadening  are  issues  for  long-term  reliability  of  SiC 
devices.  Interface  oxidation  degrades  the  device  performance  and  creates  difficulties  in 
achieving  proper  ohmic  contact  properties. 

There  have  been  many  approaches  to  improve  these  issues,  such  as  employing  new 
multi-layer  metal  structures.  This  includes  Ni-Cr,  Ni-Al  and  Ni-Si  etc.8>9>30  Some 
improvements  have  been  reported, 8>9,30  but  nQ|  for  ap  issues  simultaneously.  In 
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addition,  the  mechanisms  leading  to  the  improvements  were  not  adequately  explained.  It 
is  important  to  continue  efforts  to  develop  a stable  ohmic  contact  to  n-type  SiC. 


CHAPTER  3 

EXPERIMENTAL  PROCEDURES 
3.1  Introduction 

This  chapter  describes  the  experimental  procedures  that  were  followed  for  sample 
cleaning  and  preparation  of  electrical  contact  to  n-type  SiC.  The  procedures  consist  of  an 
initial  cleaning  of  the  samples  and  photolithographic  patterning,  followed  by  metal 
deposition.  After  finishing  a patterning  step  and  a metal  deposition  step,  the  contacts 
were  heat  treated  in  an  annealing  chamber.  Then  the  samples  were  characterized  for  their 
electrical  properties,  elemental  composition  and  interfacial  reaction  products. 

3.2  Substrate  Preparation 

In  this  study,  n-type  4H  (Hexagonal)  silicon  carbide  (SiC)  wafers  were  used.  They 
were  purchased  from  Cree  Research  Inc.,  and  Sterling  Semiconductor,  Inc.  The  4H  SiC 

wafers  were  grown  using  the  modified  Lely  method.46'48  The  n-type  4H  SiC  substrates 
were  nitrogen  (N2)  doped  to  3.55xlOl8and  1.22xl0|t)cm’3,  which  corresponds  to  0.03  and 
0.014  Qcm  of  resistivity.  The  SiC  wafers  orientation  was  7.5  ~ 8°  off  the  (0001)  axis. 

For  the  electrical  characterization  of  the  samples,  photoresist  patterns  for  circular 
transfer  length  method  (CTLM)  were  employed.  The  size  of  the  samples  used  in  this 
study  was  7x7  mm.  Before  photoresist  patterning  or  metal  deposition,  a cleaning  process 
was  used  consisting  of  two  steps  including  a DI  rinse.  First,  the  samples  were  immersed 
in  a hydrogen  peroxide  (H2O2)  / ammonium  hydroxide  (NH4OH)  / water  (H20)  solution 
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with  a ratio  of  1:1:5  and  heated  at  85°C  for  5 minutes.  The  samples  were  then  rinsed  in 
DI  water  and  blown  dry  with  N2  gas. 

The  non-pattemed  samples  were  used  for  physical  characterization  techniques,  such 
as  X-ray  diffraction  (XRD)  and  transmission  electron  microscopy  (TEM).  For  non- 
pattemed  samples,  first  they  were  immersed  in  a hydrogen  peroxide  (H202)  / ammonium 
hydroxide  (NH4OH)  / water  (H20)  solutions  with  a ratio  of  1 : 1 :5  and  heated  at  85°C  for  5 
minutes,  the  same  as  patterned  samples.  After  a DI  rinse  step,  the  samples  were  cleaned 
in  a 1 0%  hydrofluoric  acid  (HF)  solution  for  20  seconds  to  remove  native  oxides  from  the 
surface.  The  samples  were  rinsed  with  DI  water  to  clean  any  excess  HF  solution  and 
blown  dry  using  nitrogen. 

3.3  Photoresist  Patterning 

In  order  to  accurately  measure  the  contact  resistance,  a circular  transfer  length 
method  (CTLM)  patterns  were  utilized  as  described  in  chapter  2.  After  the  first  cleaning 
step  in  H202  / NH4OH  / H20  solutions,  a pre-bake  step  in  a hot  oven  at  90°C  for  1 0 
minutes  was  used  to  remove  water.  Then  the  photoresist  (NR7-1500PY:  negative 
photoresist)  was  applied  by  spinning  at  4000  r.p.m.  for  40  seconds.  The  photoresist 
coating  was  followed  by  a soft  bake  in  a hot  oven  at  150°C  for  10  minutes  to  dry  the 
photoresist.  The  samples  with  photoresist  were  then  exposed  to  ultraviolet  (UV)  light 
(wavelength  = 365  nm)  through  a contact  mask  for  10  seconds  in  a contact  mask  aligner. 
The  post  exposure-bake  for  cross-linking  the  photoresist  was  done  in  a hot  oven  at  100°C 
for  10  minutes.  Immersing  the  samples  in  a photoresist  developer  (RD6)  for  20  seconds 
completed  the  CTLM  pattern,  removing  the  unexposed  photoresist.  Any  residue  was 
cleaned  from  the  substrates  by  a de-ionized  water  (DI)  rinse  following  the  developing 
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step.  The  samples  were  blown  dry  by  N2.  A flow  diagram  of  the  photoresist  patterning 
process  is  shown  in  Fig.  3-1. 
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Figure  3-1  Schematic  diagram  of  the  photoresist  patterning  process 

A CTLM  pattern  consists  of  a square  with  nine  rings  of  photo  resist  pattern 
remaining.  The  inner  diameter  of  all  the  rings  was  300  pm.  The  gap  distances  between 
the  inner  circles  and  the  outer  circles  varied  from  10  to  20,  30,  40,  50,  60,  70,  80,  or  90 


Figure  3-2  Schematic  of  the  CTLM  ring  pattern 
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M-m-  A schematic  of  the  CTLM  ring  pattern  is  shown  in  Fig.  3-2. 

3.4  Metal  Deposition 

After  the  CTLM  patterning  using  photo  resist  or  the  first  cleaning  in  a H202  / 
NH4OH  / H20  solutions  (non-pattemed  samples  case),  the  samples  were  cleaned  in  a 
10%  hydrofluoric  acid  (HF)  solution  for  10  seconds  to  remove  native  oxides  on  the 
surface.  The  samples  were  rinsed  with  DI  water  to  clean  any  excess  HF  solution  and 
blown  dry  using  nitrogen.  The  samples  were  then  immediately  introduced  into  the 
vacuum  chamber  for  contact  metal  deposition.  All  metal  contacts  were  deposited  in  an 
electron  beam  evaporation  system  with  a glass  bell  jar.  Electron  beam  evaporation 


Figure  3-3  Schematic  of  the  electron  beam  evaporation  system 
provides  fast  and  easy  deposition  as  compared  to  sputter  deposition.49  Deposition  of 
high  melting  point  elements  can  be  performed  more  easily  with  electron  beam 
evaporation  than  from  thermal  evaporation  sources.  The  electron  beam  evaporation 
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system  was  pumped  with  a Varian  oil  diffusion  pump  backed  by  a two-stage  mechanical 
rotary  vane  pump,  providing  a base  pressure  of  1 x 1 0*6  ~ 2x  1 O'6  torn  A schematic  of  the 
electron  beam  evaporation  system  is  shown  in  Fig.  3-3. 

The  source  metals  in  the  electron  beam  well  consisted  of  metal  pellets  with  the 
following  purities:  Nickel  (Ni  : Target  Materials  Inc.,  99.95%),  Titanium  (Ti : Cerac, 
99.95%),  Gold  (Au  : Materials  Research  Corporation,  99.95%),  Aluminum  (A1 : Cerac, 
99.95%),  and  Silicon  (Si : semiconductor  grade). 

Metal  was  deposited  on  the  substrate  at  room  temperature.  The  thickness  of  the 
deposited  metal  layers  was  monitored  using  a quartz  crystal  oscillator  that  was  installed 
next  to  the  sample  stage.  The  contact  metal  thickness  varied  with  different  experiments 
and  will  be  noted  in  the  results  sections. 

After  the  metal  deposition,  agitating  the  samples  in  acetone  for  a few  minutes  lifted 
off  the  metal  film  from  the  ring  pattern  areas  where  there  was  photoresist  remaining  after 
exposure  and  developing.  This  "lift-off’  process  leaves  the  desired  contact  patterns  for 
CTLM.  The  overall  flow  of  the  lift  off  process  is  shown  in  Fig.  3-4. 

Photoresist 

/ \ 

SiC 

J ^ Substrate 

(a)  Before  metal  deposition  (b)  After  metal  deposition  (c)  After  lift  off 

Figure  3-4  Lift-off  procedure  after  the  photoresist  is  deposited  on  the  SiC  substrate  (a) 
before  metal  deposition,  (b)  after  metal  deposition,  and  (c)  after  the 
photoresist  is  removed,  leaving  the  metal  structure. 
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3.5  Contact  Annealing 

Since  as  deposited  contacts  were  rectifying,  the  contacts  were  annealed  using  a 
commercial  rapid  thermal  annealing  (RTA)  system  (AG  Associates,  Model:  Heat  pulse 
610).  The  samples  were  annealed  in  a nitrogen  (N2)  ambient  (99.99%).  To  reduce 
contaminants,  a 60-second  nitrogen  purge  was  performed  before  heating.  The  samples 
were  placed  on  a silicon  wafer  susceptor  with  a thermocouple  wire  attached  for 
monitoring  and  controlling  the  temperature.  The  typical  heating  rate  used  for  the 
experiment  was  60°C/second,  which  means  the  samples  got  to  1000°C  within  20  seconds. 
After  annealing,  the  samples  were  cooled  inside  the  RTA  chamber  in  flowing  nitrogen 
until  they  reach  a temperature  below  100°C. 

3.6  Characterization 

Contacts  on  SiC  were  characterized  in  the  as  deposited  and  annealed  states.  Their 
electrical  properties,  surface  composition,  surface  and  interfacial  morphology  and 
interfacial  reaction  products  were  characterized  by  current-voltage  (I-V)  measurement, 
Auger  electron  spectroscopy  (AES)50,  scanning  electron  microscopy  (SEM)50,  X-ray 

diffraction  (XRD)  analysis,  and  transmission  electron  microscopy  (TEM).50 
3.6.1  Electrical  Characterization 

The  electrical  properties  of  all  contacts  on  SiC  were  investigated  using  room 
temperature  current-voltage  measurements  between  two  isolated  surface  contacts.  The 
current-voltage  data  were  obtained  by  measuring  the  current  flow  between  two  adjacent 
top  contacts  under  an  applied  voltage  bias.  The  ohmic  or  rectifying  nature  of  the  contacts 
could  be  determined  by  the  linearity  of  the  TV  curves  and  total  resistance  values.  A 
Keithley  model  238  source  measure  unit  was  used  for  the  I-V  measurements.  The  set  up 
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of  the  current-voltage  measurement  is  shown  in  Fig.  3-6.  The  typical  voltage  bias  range 
used  was  from  -3  V to  +3  V,  with  a step  increment  of  0.02  V.  Electrical  contacts  to  the 
samples  was  made  using  a Wentworth  Labs  probe  station  with  Alessi  Industry  tungsten 
probes  (tip  diameter  10  pm). 


Personnel 

Computer 


Keithley  model 
238  source 
measure  unit 


Sample 


Probe  Station 


Figure  3-6  Schematic  of  the  current- voltage  measurement  setup 


Specific  contact  resistance  data  were  determined  using  the  CTLM  pattern^ 
described  in  Chapter  2 and  shown  in  Fig.  3-2.  The  I-V  data  were  obtained  from  each  of 
the  nine  circular  structures.  This  set  of  resistance  (Q)  values  (9  points)  was  plotted 
versus  the  contact  separation,  L (cm),  as  shown  in  Fig.  2-6.  Linear  regression  of  the  I-V 
curves  is  used  to  find  the  slope,  which  is  equal  to 


dR  R s 

dL  ~ W 


(3-1) 


where  W is  the  contact  perimeter.  The  resistance  intercept  is  2-Rc  and  the  contact 
separation  intercept  equals  twice  the  transfer  length,  2-Lt.  The  specific  contact  resistance 
(pc)  is  obtained  from  the  following  equation.  16 
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(3-2) 


Pc  = 


Rl-w2 


= RSL 


2 

T 


The  units  for  pc  are  Q cm2. 

3.6.2  Physical  Characterization 

Surface  and  layer  composition,  surface  and  interfacial  morphology  and  interfacial 
reaction  products  were  characterized  using  the  following  physical  characterization 
techniques. 

Scanning  electron  microscopy  (SEM)  30  JEOL  Model  JEM  600,  was  used  in  the 
secondary  or  back  scattered  electron  modes  to  characterize  the  surface  morphology  of  the 
deposited  film  as  a measure  of  the  microstructural  evolution  and  flaws  that  could  affect 
contact  resistance.  Optical  microscopy  (OM)  was  also  used  for  the  surface  morphology 
study  and  the  microstructure  evolution. 

Auger  electron  spectroscopy  (AES)30,51  was  useci  to  determine  the  various 
elements  present  at  the  surface  of  contact  samples.  The  surface  was  bombarded  with  a 10 
keV  electron  beam.  The  electrons  create  inner  quantum  shell  vacancies,  which  are  filled 
with  an  electron  decaying  from  a higher  shell.  The  energy  difference  between  these  two 
levels  is  transferred  to  and  causes  ejection  of  another  electron,  the  Auger  electron.  The 
Auger  has  a specific  energy  characteristic  of  the  element.  Due  to  energy  loss,  Auger 
electrons  originating  deeper  than  3~4  atomic  layers  in  the  solid  (5-20A)  are  inelastically 
scattered  before  reaching  the  surface  and  therefore  can  not  be  used  for  elemental 
identification.  In  this  study,  AES  data  were  obtained  from  a Perkin-Elmer  PHI  660 
Scanning  Auger  Electron  Multi  probe  in  the  N (E)  mode.  The  primary  energy  used  was 
10  kV  with  a current  of  lOOnA.  AES  may  be  combined  with  ion  sputtering  to  clean  the 
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surface  as  well  as  perform  depth  analysis. 50, 5 1 The  Auger  electron  intensities  are 
plotted  as  a function  of  the  sputtering  time.  The  relative  intensity  changes  give 
compositional  information  as  a function  of  depth.  Ar+  was  used  to  sputter  the  surface  for 
depth  profile.  Quantification  of  elemental  concentrations  in  AES  data  is  possible  in  cases 
where  sensitivity  factors  have  been  measured  in  the  same  sample  matrix. 50, 51  The 
following  equation  is  used  for  the  calculation  of  elemental  concentrations. 

C£(%)  = l°0%x^|-  (3.3) 

X 

, where  Ig  is  analyte  intensity,  Se  is  analyte  sensitivity  factor,  lx  is  intensity  of  other 
elements,  and  Sx  is  sensitivity  factor  of  other  elements  in  the  samples. 

X-ray  diffraction  (XRD)50  was  used  to  identify  the  phases  formed  at  the  contacts. 

A collimated  beam  of  X-rays  is  incident  on  a specimen  and  is  diffracted  by  the  crystalline 
phases  in  the  specimen  according  to  Bragg’s  law  ( X = 2d  sin0,  where  d is  the  spacing 
between  atomic  planes  in  the  crystalline  phase).  The  intensity  of  the  diffracted  beam  is  X- 
rays  is  measured  as  a function  of  the  diffraction  angle,  20,  and  the  specimen’s  orientation. 
The  time  evolution  of  the  interfacial  phases  was  also  studied  as  a function  of  metal 
structure  and  annealing  condition.  Since  the  metal  films  used  in  this  study  were  thin 
(500~1 000  A),  a glancing  angle  (1°)  X-ray  diffraction  technique  was  employed  to  get 
enough  X-ray  intensities  from  the  sample.  The  XRD  data  was  obtained  from  a Phillips 
Model:  PANalytical  Hybrid  X’pert  MRD  system  with  a Cu  Ka&p  averaged  source. 

Transmission  electron  microscopy  (TEM)50  was  used  to  identify  the  phases,  their 
distribution  and  microstructure  formed  at  the  contacts.  A thin  solid  specimen  is 
bombarded  in  vacuum  with  a highly  focused,  mono  energetic  beam  of  electrons.  The 
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beam  is  of  sufficient  energy  (200k V)  to  propagate  through  the  specimen.  A series  of 
electromagnetic  lenses  magnify  this  transmitted  electron  signal.  Diffracted  electrons  can 
be  used  to  form  a diffraction  pattern  to  determine  the  atomic  structure  of  the  material. 
Transmitted  electrons  can  be  used  to  form  images  from  small  regions  of  the  sample,  due 
to  several  scattering  mechanisms  associated  with  interactions  between  electrons  and  the 
atomic  constituents  of  the  sample.  A high  resolution  TEM  system  (JEOL  JEM  201  OF 
Field  Emission  Microscope)  was  used  for  the  study.  For  TEM  sample  preparation,  a 

focused  ion  beam  (FIB,  Model:  FEI  210)  technique  was  employed.50  FIB  TEM 
specimens  prepared  by  the  "lift-out"  method  provide  a rapid  means  of  preparing  an 
electron  transparent  cross-section  from  a specific  site  of  interest.  A sample  is  inserted 
directly  into  the  FIB  chamber  and  a specimen  created  straight  from  the  samples'  surface. 
Two  trenches  are  milled  on  either  side  of  the  site  of  interest,  the  area  in  the  middle  is 
thinned  until  it  is  electron  transparent,  and  then  the  cross-section  is  cut  free  by  the  FIB. 
The  specimen  is  then  "lifted  out"  by  the  use  of  an  electrostatic  probe,  which  retrieves  the 
free  sample  from  its  trench  and  deposits  it  on  a TEM  grid  that  is  made  up  of  copper 
covered  with  carbon  thin  films. 


CHAPTER  4 

INTERFACIAL  REACTIONS  IN  NICKEL/TIT ANIUM  OHMIC 
CONTACTS  TO  N-TYPE  SIC 

4.1  Introduction 

This  chapter  describes  published  research  data,  principles  of  the  new  tri  layer  metal 
scheme  suggested  in  this  study,  and  experimental  results  of  this  study.  Many  metal 
schemes  for  ohmic  contact  to  n-SiC  have  been  tried.  Ni  contacts  have  showed  the  most 

promising  results  in  terms  of  contact  resistance  and  stability  but  with  a few  issues  also. 5- 
7,32 

The  contact  schemes  described  in  this  chapter  consist  of  Ni  based  tri  metal  contacts 
and  a few  other  combinations  with  different  metals  (Ti,  A1  and  Au).  After  annealing,  I-V 
curves  were  obtained  from  the  samples.  For  the  measurement  of  the  specific  contact 
resistance,  CTLM  patterns  were  used.  Then,  optical  microscope  (OM)  pictures  and  Auger 
electron  spectroscopy  (AES)  data  (survey  and  depth  profiles)  were  taken  from  each 
sample.  XRD  and  TEM  analysis  were  used  for  phase  identification. 

4.2  Published  Results  on  Multi-Laver  Metal  Contacts 

Ohmic  contacts  to  n-type  SiC  have  been  formed  from  a variety  of  silicides, 

carbides  and  single  metal  elements. 52-55  Many  single  metal  schemes  have  been  tried 
including  Ni,  Ti,  Ta,  W,  TiC  and  etc. 54-61  Nickel  (Ni)  based  metal  contacts  has  been 
proposed  as  the  most  suitable  and  promising  candidate  for  the  fabrication  of  ohmic  metal 
contact  to  n-type  4H  silicon  carbide. 40,43, 56, 62-66  "phe  n-type  ohmic  contacts  based  on 
nickel  have  currently  been  reported  to  have  the  lowest  specific  contact  resistance  (~5xl0’ 
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Qcm  ) ^ and  form  stable  and  reproducible  metal  silicides  at  the  interface  during 
annealing. 

But  there  are  four  major  issues  related  to  nickel  based  ohmic  contacts  to  n-SiC.^'^ 
The  annealing  process  causes  broadening  and  roughening  of  the  metal  SiC  interface. 
Excess  carbon  segregation  released  from  silicide  reaction  at  the  metal  SiC  interface 
results  in  the  presence  of  graphite,  and  substantial  roughening  of  the  contact  surface. 

Ni  diffusion  into  the  SiC  substrate  causes  excessive  interfacial  reactions  deep  into 
the  substrate.  This  limits  the  achievement  of  a shallow  junction  depth  for  transistors. 
Interface  roughness  and  interfaces  broadening  are  issues  for  long-term  reliability  of  the 
SiC  devices.  Interface  oxidation  degrades  the  device  performance  and  creates  difficulties 
in  achieving  and  maintaining  low  ohmic  contact  resistance. 

There  have  been  many  approaches  to  improve  these  issues,  including  the  use  of 
multi-layer  metal  structures.  This  includes  Ni-Cr,  Ni-Al  and  Ni-Si  contact 

metallizations. 8>9, 30  Some  improvements  have  been  reported  in  recent  studies8>9>30  as 
discussed  in  chapter  2.  But  all  issues  were  not  simultaneously  improved,  nor  were  the 
mechanisms  leading  to  improvements  adequately  explained.  The  present  study  addresses 
some  of  these  issues  with  respect  to  Ni/Ti/Ni  ohmic  contacts  to  n-type  SiC. 

4.3  Principles  of  Tri  Laver  Metal  Contacts  in  This  Study 

The  ohmic  contact  metallization  for  this  study  was  selected  based  on  the  following 
three  principles.  First,  to  obtain  a reproducible  and  low  specific  contact  resistance  so  that 
minimum  voltages  drop  across  the  metal  semiconductor  junction  can  be  achieved. 

Second,  development  of  a uniform,  shallow  and  abrupt  metal  semiconductor  interface 
with  lateral  homogeneity  of  the  interfacial  phases  was  desired.  Control  of  the  interface 
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roughening  and  interfacial  reactions  were  important  aspects  of  the  research.  To  obtain  a 
uniform,  shallow  and  abrupt  metal  semiconductor  interface  with  homogeneous  interfacial 
phases,  metal  diffusion  into  the  substrate  and  interfacial  reactions  should  be  controlled. 
Third,  reduction  of  excess  carbon  at  the  interface  after  annealing  was  required  for 
improving  the  high  temperature  stability.  Minimizing  Ni  oxidation  at  the  surface  is  a 
factor  that  determines  the  high  temperature  stability  of  ohmic  contacts. 

A tri  metal  scheme  is  investigated  in  this  study  to  meet  these  requirements.  First, 
the  base  metal  lies  in  the  middle  of  contact  and  forms  an  ohmic  junction  by  formation  of 
metal  silicide.  The  bottom  metal  is  located  below  the  base  metal  and  controls  interfacial 
reactions  and  diffusion  by  extending  the  diffusion  distance  and  forming  a diffusion 
barrier.  The  bottom  metal  also  forms  carbide  so  it  can  reduce  the  excess  carbon.  The  top 
metal  minimizes  oxidation  of  the  base  metal. 

Since  Ni  reacts  with  SiC  easily  and  forms  a good  nickel  silicide  with  a low 
resistivity  and  stability,  it  is  selected  as  the  base  metal  for  this  ohmic  contact  to  n-SiC. 

For  the  bottom  metal  film  below  the  Ni  layer,  Ti  and  A1  were  investigated.  Both  can 
form  carbides  and  oxide,  which  could  control  diffusion  rates  and  reduce  the  excess 
carbon  atoms.  Ti,  Al,  Au,  and  Pt  were  studied  for  the  top  metal  layer.  Ti  and  A1  are  well 
known  to  form  stable  oxides  (Ti02,  AI2O3)  with  a lower  free  energy  of  formation  than 
NiO,67>68  thereby  providing  a protective  oxide  layer  at  the  surface.  Au  and  Pt  are  also 
good  materials  for  the  protection  of  the  underlying  materials  due  to  their  inert  chemical 

nature. 67, 68 
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4.4  Results  of  the  Tri  Metal  Contact  Scheme 

Three  metal  schemes  are  chosen  based  on  the  principles  described  above,  namely 
8nmTi/100nmNi/20nmTi/SiC,  8nmAl/100nmNi/20nmAl/SiC,  and 
40nmAu/45nmPt/50nmNi/SiC.  Ni  is  used  as  the  base  ohmic  metal  to  Si,  due  to 
formation  of  a silicide  phase  after  annealing.  In  the  case  of  Au/Pt/Ni/SiC  contact,  Au  and 
Pt  are  both  used  to  minimize  surface  oxidation. 

4.4.1  Current- Voltage  (I-V)  Data 

In  figure  4-1  a),  b)  and  c),  current-voltage  (I-V)  data  from  the  Al/Ni/Al/4H-SiC, 
Ti/Ni/Ti/4H-SiC,  and  Au/Pt/Ni/4H-SiC  are  shown,  respectively.  All  three  contacts  were 
rectifying  (not  ohmic)  as  the  as  deposited  state.  Al/Ni/Al/SiC  and  Ti/Ni/Ti/SiC  became 
ohmic  after  annealing  at  1000°C  for  2 min,  based  on  the  linear  relationship  between 
current  and  voltage  (figure  4-1  (a)  and  (b)).  The  I-V  data  from  a Au/Pt/Ni  contact,  as 
shown  in  figure  4- 1 (c),  was  not  linear  either  before  or  after  annealing.  In  addition,  the 
current  level  of  the  Au/Pt/Ni  contact  was  also  very  low  (on  the  order  of  10"3A  range). 

The  I-V  curves  of  annealed  Ti/Ni/Ti  and  Al/Ni/Al  contacts  on  both  4H-SiC  and 
6H-SiC  are  shown  in  figure  4-2.  The  difference  in  the  crystal  structure  for  4H  versus  6H 
is  described  in  chapter  2.  In  addition,  there  was  a difference  in  the  doping  levels  at 
1.2xlOn  atoms/cm3  for  4H-SiC  and  l.lxlO18  atoms/cm3  for  6H-SiC.  The  two  contacts 
all  became  ohmic  on  both  substrates  regardless  of  the  doping  and  SiC  crystal  type.  The 
Ti/Ni/Ti  contacts  exhibited  higher  slopes  for  the  I-V  curves,  which  means  a lower  contact 
resistance  as  compared  with  the  Al/Ni/Al  contacts.  Lower  contact  resistance  for  Ti/Ni/Ti 
versus  Al/Ni/Al  contacts  presumably  is  related  to  the  interface  reactions  that  occurred 
during  the  annealing  process,  as  discussed  below. 


Current  (A) 
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Figure  4-1  I-V  data  of  the  as  deposited  contacts  and  the  contacts  annealed  at  1000°C, 
2min,  (a)  Al/Ni/Al/4H-SiC,  (b)  Ti/Ni/Ti/4H-SiC,  and  (c)  Au/Pt/Ni/4H-SiC. 
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Figure  4-2  Comparison  of  the  I-V  data  for  Al/Ni/Al/SiC  and  Ti/Ni/Ti/SiC  contacts  on 
either  4H  or  6H  SiC  after  annealing  at  1000°C,  2min  in  pure  N2. 

4.4.2  Optical  Microscopy  Data 

OM  pictures  of  the  Al/Ni/Al/4H-SiC,  Ti/Ni/Ti/4H-SiC,  and  Au/Pt/Ni/4H-SiC 
contacts  are  shown  in  figure  4-3.  For  Au/Pt/Ni/SiC  contacts,  a very  rough  and 
discontinuous  layer  is  observed.  The  layers  on  Al/Ni/Al/SiC  and  Ti/Ni/Ti/SiC  contacts 
are  still  continuous  and  have  metallic  appearance  in  laboratory  ambient  light. 
Al/Ni/Al/SiC  contacts  were  darker  than  Ti/Ni/Ti/SiC  contacts.  This  could  be  related  to 
larger  roughness  of  the  Al/SiC  versus  the  Ti/SiC  interface  between  SiC  and  contact  layer. 
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Figure  4-3  Optical  microscope  (OM)  pictures  of  (a)  Au/Pt/Ni,  (b)  Al/Ni/Al,  and  (c) 
Ti/Ni/Ti  contacts  annealed  at  1000°C,  2min. 

4.4.3  Auger  Electron  Spectroscopy  (AES) 

Figure  4-4  shows  AES  depth  profiles  from  Au/Pt/Ni,  Al/Ni/Al,  and  Ti/Ni/Ti 

contacts,  and  extensive  intermixing  between  the  layers  and/or  diffuse  interfaces  (figure  4- 

4 (a))  are  indicated  for  Au/Pt/Ni  contacts.  These  AES  data  are  consistent  with  the  OM 

picture  from  Au/Pt/Ni  contacts  that  showed  a discontinuous  layer  (figure  4.3  (a)).  As 

shown  by  I-V  data  (figure  4-1  and  4-2),  Al/Ni/Al  and  Ti/Ni/Ti  both  formed  ohmic 

contacts,  with  the  Ti/Ni/Ti  showing  a lower  contact  resistance.  However,  they  display 

very  different  trends  in  terms  of  the  interface  profiles.  Figure  4-4  (b)  and  (c)  show  that 

the  Al/Ni/Al/SiC  contacts  exhibited  more  diffuse  interfaces  between  SiC  and  the  contact 

metal  layer  than  did  Ti/Ni/Ti/SiC  contacts.  Since  the  breadth  of  the  interfaces  in  the  AES 
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Figure  4-4  AES  depth  profiles  of  (a)  Au/Pt/Ni,  (b)  Al/Ni/Al,  and  (c)  Ti/Ni/Ti  contacts 
after  annealing  at  1000°C,  2min. 


63 


depth  profiles  are  related  to  both  the  roughness  and  interdiffusion,50,51  these  contacts 
the  Al/Ni/Al/SiC  contacts  are  expected  to  have  a rougher  interface  than  those  of 
Ti/Ni/Ti/SiC.  These  data  could  also  be  interpreted  to  mean  that  Ni  can  diffuse  down 
deeper  into  SiC  in  Al/Ni/Al/SiC  versus  Ti/Ni/Ti/SiC  contacts.  These  data  show  that  Ti 
gives  better  performance  than  A1  in  terms  of  interfacial  profiles.  As  a top  metal  layer,  Ti 
also  shows  better  results  than  Au/Pt  in  terms  of  protecting  the  Ni  contact  layer. 

4.5  Effects  of  Ni  and  Ti  Lavers  on  Ohmic  Contact  Formation 

In  the  previous  section,  it  has  been  shown  that  one  (Ti/Ni/Ti/SiC)  of  the  tri-metal 
contact  structures  provided  good  ohmic  contacts  to  n-type  SiC,  with  both  interface 
morphology  and  contact  resistance.  The  effects  of  each  metal  layer  of  the  Ti/Ni/Ti 
structure  on  the  ohmic  contact  formation  have  been  investigated. 

To  understand  the  effects  of  each  metal  layer,  different  test  structures  were  used, 
e.g.  8nmTi/100nmNi/20nmTi/SiC,  100nmNi/20nmTi/SiC,  1 1 OnmNi/SiC,  and 
2 Onm  Au/ 1 OOnmN  i/2  OnmT  i/SiC. 

4.5.1  Current- Voltage  (I- V)  Data 

All  of  the  as  deposited  contacts  exhibited  exponential  I-V  data  typical  for  rectifying 
contacts,  as  shown  in  figure  4-5  (a).  The  total  current  levels  were  ~10'2A.  After 
annealing  at  1000°C,  2min,  in  N2,  linear  straight  lines  are  observed  from  the  I-V  data 
(Figure  4-5  (b))  indicating  that  Ti/Ni/Ti/SiC,  Ni/Ti/SiC,  Ni/SiC,  and  Au/Ni/Ti/SiC  all 
turned  to  ohmic  contact.  This  suggests  that  interfacial  reactions  occurred  to  form  ohmic 


contacts. 
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(b) 

Figure  4-5  I-V  data  of  (a)  as  deposited  contacts  and  (b)  contacts  annealed  at  1000°C, 
2min. 

Since  Ni  is  known  to  react  with  SiC,  the  interfacial  reaction  could  be  related  to 
formation  of  nickel  silicide.30,40  jn  terms  of  contact  resistance  values,  the  four  contacts 
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show  almost  the  same  resistance.  Therefore  it  is  shown  that  metal  layers  other  than  Ni 
don’t  have  a major  effect  on  the  formation  of  ohmic  contact  and  contract  resistance. 

To  evaluate  contact  resistance  of  the  contacts,  a CTLM  pattern  was  formed  on 
100nmNi/20nmTi/SiC  and  6nmTi/100nmNi/20nmTi/SiC  contacts,  due  to  their  good  I-V 
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Figure  4-6  I-V  data  from  the  TLM  patterns  of  (a)  the  Ni/Ti/SiC  contacts,  and  (b)  the 
Ti/Ni/Ti/SiC  contacts,  both  of  them  annealed  at  1000°C,  2min. 
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data  and  interface  profiles  (figure  4-9,  10).  lOOOnmNi/SiC  (Ni-only)  contacts  were  used 
for  a reference  data.  I-V  data  were  obtained  from  each  sample  with  different  gap  spacing 
of  the  CTLM  pattern.  As  displayed  in  figure  4-6,  all  spacing  showed  ohmic  behavior  as 
expected  from  the  previous  I-V  data.  After  the  TLM  calculation  as  explained  in  chapter  2 
and  3,  the  specific  contact  resistance  (pc)  of  lxlO'4  Q cm2  and  2x1  O'4  Q cm2  for  Ni/Ti 
and  Ti/Ni/Ti  contacts,  respectively  were  obtained.  The  Ni-only  contacts  showed  the 
specific  contact  resistance  (pc)  of  lxlO'4  Q cm2.  No  significant  difference  in  the  specific 
contact  resistance  between  contacts  was  found.  This  shows  that  Ni  has  major  effects  on 
the  ohmic  contact  formation  in  Ni-based  ohmic  contacts. 

4.5.2  Optical  Microscopy 

OM  pictures  of  Ti/Ni/Ti/SiC,  Ni/Ti/SiC,  Ni/SiC,  and  Au/Ni/Ti/SiC  contacts  are 
shown  in  figure  4-7.  Ni/SiC  contacts  display  a very  dramatic  change  between  the  shiny 
as  deposited  and  the  dark,  irregularly  shaped  surface  features  of  the  annealed  samples 
(figure  4-7  (a)  and  (b)).  After  having  Ti  layer  below  Ni  on  contacts,  a different  trend  is 
shown  (figure  4-7  (d)  and  (e)).  Ni/Ti/SiC  and  Ti/Ni/Ti/SiC  contact  were  darker  than  as 
deposited  contacts,  but  the  general  appearance  remained  a shiny  metallic.  Though 
interfacial  reactions  apparently  occurred  in  these  contacts  to  form  ohmic  junction,  the 
surface  (and  presumably  the  interface)  was  more  stable  and  smoother  than  a Ni-only 
contact.  As  shown  from  the  I-V  data  in  figure  4-5,  Au/Ni/Ti/SiC  contacts  turned  ohmic 
upon  annealing,  but  the  photos  in  figure  4-7  (f)  show  that  a rough  layer  was  observed. 
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Figure  4-7  Optical  Microscope  pictures  of  (a)  as  deposited  Ni/SiC  contacts,  (b)  annealed 
Ni/SiC  contacts,  (c)  as  deposited  Ni/Ti/SiC  contacts,  (d)  annealed  Ni/Ti/SiC 
contacts,  (e)  annealed  Ti/Ni/Ti/SiC  contacts,  and  (f)  annealed  Au/Ni/Ti/SiC 
contacts,  (all  anneals  at  1000°C,  2min). 

4.5.3  XRD  Data 


For  phase  identification.  X-ray  diffraction  (XRD)  was  used.  Typical  film  thickness 
of  this  study  was  ~1000A.  This  was  too  thin  for  conventional  XRD  setup  (0-29)  to  get 
enough  X-ray  intensity.  A glancing  incident  angle  (1°)  technique  was  used  to  obtain 
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enough  diffracted  X-ray  signals  from  the  samples.  XRD  data  of  the  Ni/SiC  and 
Ti/Ni/Ti/SiC  contacts  are  shown  in  figure  4-8.  As-deposited  Ti/Ni/Ti/SiC  contacts 
spectrum  show  pure  Ni  peaks  only  (figure  4-8  (a)).  This  is  confirmed  by  peak  matching 
in  figure  4-9  (a)  (JCPDS:  04-0850).  From  the  two  annealed  Ni/SiC  and  Ti/Ni/Ti/SiC 
contacts  spectra,  many  different  peaks  appeared.  Pure  Ni  peaks  were  not  found  from  the 
annealed  contacts.  XRD  peak  matching  shows  that  most  of  the  peaks  came  from  a nickel 
silicide  phase  (N^Si)  (figure  4-9  (b),  JCPDS:  73-2092).  The  N^Si  peaks  were  found  in 
both  annealed  Ni/SiC  and  Ti/Ni/Ti/SiC  contacts.  Titanium  carbide  (TiC)  peaks  showed 
up  from  the  annealed  Ti/Ni/Ti/SiC  contacts  only  (Figure  4-8  (b)). 
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Figure  4-8  XRD  data  of  the  (a)  as  deposited  Ti/Ni/Ti/SiC  contacts  and  (b)  annealed 

Ti/Ni/Ti/SiC  contacts,  and  (c)  annealed  Ni/SiC  contacts.  Contacts  annealed  at 
1000°C  for  2min. 
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The  annealed  Ni/SiC  and  Ti/Ni/Ti/SiC  contacts  both  have  the  same  nickel  silicide  phase. 
The  only  difference  was  the  TiC  peak  from  the  Ti/Ni/Ti/SiC  contacts. 


counts/s 


(b) 


Figure  4-9  XRD  peak  matching  data  (a)  Ni  for  as  deposited  contacts  and  (b)  N^Si  for 
annealed  contacts. 

4.5.4  Auger  Electron  Spectroscopy  (AES) 

As  shown  by  the  I-V  data,  Au/Ni/Ti/SiC  contacts  became  ohmic  after  annealing, 
whereas  Au/Pt/Ni/SiC  contact  didn’t.  A rough  layer  was  found  for  both  surfaces,  though 
the  layers  were  more  continuous  in  the  Au/Ni/Ti/SiC  contacts.  AES  depth  profiles  of  the 
Au/Ni/Ti/SiC  contacts  show  extensive  layer  intermixing  and  very  diffuse  interface 
profiles  upon  annealing  (figure  4-10  (b)).  Au  is  distributed  throughout  the  contact  layers 
and  matches  with  Si  profile.  It  is  reasonable  that  a gold  silicide  (AuxSi)  phase  was 
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formed.  The  distribution  of  Ni,  Si  and  carbon  is  similar  to  Ni/Ti/SiC  contacts.  After 
annealing  Ti  was  found  at  the  surface  region  along  with  a high  oxygen  concentration. 


s 

£ 

a 

£ 


(a) 


Figure  4-10  AES  depth  profiles  of  the  Au/Ni/Ti/SiC  contacts  (a)  as  deposited,  and  (b) 
after  annealing  at  1 000°C,  2min 

As  shown  in  the  OM  pictures,  Ni-only  contacts  displayed  very  significant  change 
between  the  as  deposited  and  the  annealed  conditions  (figure  4-7  (a)  and  (b)).  AES  depth 
profiles  of  the  Ni/SiC  contacts  show  the  same  trend  in  figure  4-11.  The  as  deposited 
sample’s  profile  shows  very  clear  definition  of  the  layers.  The  annealed  contact  shows 
extensive  layer  intermixing  between  Ni  and  SiC.  Since  both  diffusion  and  roughness  lead 
to  diffuse  interfaces  in  the  AES  depth  profile,  it  is  expected  that  the  Ni/SiC  contacts  have 
rough  interface  or  Ni  diffused  deep  into  SiC.  The  AES  spectrum  from  the  Ni-only 
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contacts  found  carbon,  oxygen.  Si,  and  Ni.  Carbon  was  high  at  the  outer  surface,  dipped 
to  a low  value  where  Ni  and  O were  high  presumably  from  surface  NiO,  and  detected 
throughout  the  Ni  layer.  Carbon  exhibited  a peak  at  the  interface  between  SiC  and  Ni.  Si 
exists  inside  Ni  layer  and  follows  Ni  profiles  indicating  the  nickel  silicide  formation  as 
shown  from  the  XRD  data  (figure  4-8).  The  generation  of  carbon  inside  Ni  (silicide) 
layer  shows  the  nickel  silicide  reaction  occurred  in  the  contacts  as  well.8, 39 
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Figure  4-1 1 AES  depth  profiles  of  the  Ni/SiC  contacts  (a)  as  deposited,  and  (b)  after 
annealing  at  1000°C,  2min. 


After  having  Ti  layer  on  contacts,  the  OM  data  showed  that  annealing  of  the 
Ti/Ni/Ti/SiC  and  Ni/Ti/SiC  contacts  did  not  change  their  color  significantly,  and  shiny 
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metallic  layers  were  maintained.  This  can  be  attributed  to  control  of  the  interfacial 
reactions  by  the  Ti  layer  between  Ni  and  SiC. 

AES  depth  profiles  of  the  Ni/Ti/SiC  contacts  are  shown  in  figure  4-12,  and  the 
interfaces  of  the  annealed  contacts  are  as  easily  identified  as  those  in  the  as-deposited 
contacts.  Ni  in  Ni/Ti/SiC  contacts  has  a steeper  interface  with  SiC  than  Ni-only  contacts. 
The  presence  of  Si  inside  Ni  layer  shows  that  a nickel  silicide  (N^Si)  layer  formed  upon 
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Figure  4-12  AES  depth  profiles  of  the  Ni/Ti/SiC  contacts  (a)  as  deposited,  and  (b)  after 
annealing  at  1000°C,  2min. 

annealing.  The  bottom  Ti  layer  moved  up  to  the  surface,  and  Ni  moved  adjacent  to  SiC 


to  form  nickel  silicide. 
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Carbon  was  distributed  throughout  the  NixSi  layer  leaving  a peak  located  close  to 
the  silicide/SiC  interface.  The  existence  of  excess  carbon  also  suggests  that  nickel 
silicide  reactions  occurred  in  the  contacts  as  the  Ni-only  contacts. 

AES  depth  profiles  from  the  as  deposited  and  annealed  Ti/Ni/Ti/SiC  contacts  are 
shown  in  figure  4-13.  The  changes  in  profiles  are  similar  to  the  Ni/Ti/SiC  contacts. 

A clear  definition  of  each  interface  is  observed  in  figure  4-13  (b).  Nickel  shows  a 
sharper  interface  with  SiC  than  that  in  a Ni-only  contact.  Ni  has  two  layers  after 
annealing.  Ni  layer  that  diffused  through  bottom  Ti  exists  below  the  bottom  Ti  layer. 
Small  portion  of  the  original  Ni  layer  still  exists  between  the  bottom  Ti  and  top  Ti  layers, 
which  is  the  layer  sequence  as  the  as-deposited  state.  The  formation  of  nickel  silicide 
(Ni2Si)  layer  is  evident  from  the  Si  signal  distributed  throughout  Ni  layers.  Si  in  Ni  layer 
follows  Ni  profiles  suggesting  silicide  formation.  Based  on  literature  reports,  silicide 
formation  is  the  mechanism  of  forming  ohmic  contacts  in  Ni-based  metallizations.38,40 
Since  the  majority  of  Ni  layer  diffused  to  SiC  and  formed  nickel  silicide,  the  bottom  Ti 
layer  changed  to  a region  closer  to  the  surface.  Carbon  is  distributed  throughout  the 
Ni2Si  and  Ti  layer  leaving  two  peaks  in  Ni  (or  at  the  Ni/SiC  interface)  and  a peak  in 
bottom  Ti  layer  (figure  4-10  (b)).  The  carbon  generation  in  Ni-based  contacts  has  been 
reported  as  well.  ’ Carbon  profiles  in  Ni  and  Ti  layers  exhibit  an  interesting  trend. 
Carbon  inside  Ni  layer  has  high  intensity  where  Ni  is  relatively  low.  This  suggests  that 
carbon  didn’t  react  with  Ni  and  exists  in  a different  phase.  However,  carbon  in  Ti  layer 
shows  the  opposite  trend.  Carbon  inside  Ti  layer  increases  where  Ti  intensity  increases. 
This  indicates  formation  of  titanium  carbide  phase  in  Ti  layer  as  shown  from  XRD  data 
(figure  4-8).  AES  spectra  from  the  surface  before  sputtering  showed  Ti,  O and  carbon, 
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but  less  carbon  at  the  surface  than  in  Ni/SiC  and  Ni/Ti/SiC  contacts,  probably  due  to 
titanium  carbide  formation  below  the  surface.  High  oxygen  and  Ti  peaks  are  observed  at 
the  surface  region  suggesting  formation  of  titanium  oxide.  Due  to  the  top  Ti  layer,  the  Ni 
signal  is  reduced  in  the  surface  region  compared  to  the  Ni/SiC  and  Ni/Ti/SiC  contacts. 
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Figure  4-13  AES  depth  profiles  of  the  Ti/Ni/Ti/SiC  contacts  (a)  as  deposited,  and  (b) 
after  annealing  at  1000°C,  2min. 

Therefore,  the  steep  interface  profiles  of  the  Ti/Ni/Ti/SiC  and  Ni/Ti/SiC  contacts 
show  the  role  of  Ti  layer  on  the  contact  profile  formation. 
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4.5.5  Auger  Electron  Spectroscopy  (AES) : Chemical  State  Information 

Previous  AES  data  on  the  Ni/Ti/SiC  and  the  Ti/Ni/Ti/SiC  contacts  revealed 
elemental  redistribution  inside  the  contacts.  Also  it  provided  possible  interfacial  reactions 
and  their  products.  In  order  to  deepen  understanding  on  the  interfacial  reactions  obtained 
from  the  previous  AES  data,  it  was  required  to  investigate  more  detailed  information  on 
chemical  states  of  the  elements  in  each  layer  of  the  contacts.  A combination  of  depth 
profiling  and  surface  spectrum  analysis  was  employed  to  obtain  chemical  state 
information  of  the  elements  in  contacts.  Based  on  the  previous  AES  data,  a center  point 
of  each  layer  was  selected.  After  the  first  surface  AES  spectrum  analysis,  sputtering 
depth  profiling  was  performed  until  the  center  point  of  the  each  contact  layer  was 
reached.  The  sputtering  depth  profiling  was  stopped  and  another  AES  spectrum  was 
recorded.  This  cycle  was  repeated  until  the  spectrum  showed  only  SiC  was  present.  If 
the  characteristic  binding  energy  of  an  element  changes  from  spectrum  (depth)  to 
another,  this  is  an  indication  that  chemical  state  of  an  element  has  changed. 50,5 1 in 
addition  to  a characteristic  energy  shift  of  the  Auger  electron,  a different  Auger  peak 
shape  is  also  observed  with  a change  in  the  chemical  bonding. 

For  this  AES  study,  good  ohmic  contacts  with  steep  interface  profiles  were 
selected,  i.e.  Ni/Ti/SiC  and  the  Ti/Ni/Ti/SiC  contacts.  For  reference  data,  as-deposited 
samples  were  analyzed  for  the  peak  shape  before  the  chemical  state  changed. 

Figure  4-14  shows  AES  depth  profile  and  spectra  of  the  as  deposited  Ti/Ni/Ti/SiC 
contacts.  Chemical  states  of  the  layers  (top  Ti,  Ni,  bottom  Ti)  in  the  contacts  before 
annealing  are  discussed.  The  surface  spectrum  shows  Ti,  oxygen  and  carbon  (figure  4- 
14(b)).  The  carbon  shape  matches  that  of  surface  contamination-organics  and 
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hydrocarbons  state  or  graphitic  carbon  (probably  in  surface  contamination-organics  state) 
(figure  4-15,  17). 69  As  shown  in  figure  4-15,  metallic  Ti  has  higher  peak  at  418  eV  than 
the  peak  at  387  eV.  In  the  oxide  case,  the  387-peak  is  higher  than  the  418-peak.  69-71 

The  spectrum  matches  Ti  in  an  oxide  state  (figure  4-14  (b)).7^  No  Ni  peak  was  detected 
at  the  surface  suggesting  no  nickel  oxidation  at  the  surface  of  this  structure.  The  top  Ti 
layer  shows  oxygen  and  high  Ti  peaks  (figure  4-14  (c)).  The  Ti  peak  shape  shows  that 
the  387-peak  is  still  higher  than  the  418-peak,  suggesting  that  the  majority  of  Ti  is  in  an 
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Figure  4-14  AES  depth  profile  and  spectra  of  the  as  deposited  Ti/Ni/Ti/SiC  contacts  (a) 
depth  profile,  (b)  surface,  (c)  Top  Ti  (d)  Ni,  and  (e)  Bottom  Ti 
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Figure  4-14  Continued 

oxide  state.  However,  the  387  to  418-peak  ratio  decreased  compared  to  the  surface  data 
suggesting  the  existence  of  the  metallic  Ti  in  the  top  Ti  layer.  No  Ni  peak  was  detected 


78 


at  the  top  Ti  layer.  Ni  layer  spectrum  shows  only  Ni  peaks  (figure  4-14  (d)).  Ni  should  be 
in  metallic  state.  AES  spectrum  from  the  bottom  Ti  shows  Ti,  oxygen  and  carbon  peaks 
(figure  4-14  (e)).  The  Ti  peak  shape  is  the  same  as  the  metallic  showing  a higher  387- 
peak  than  the  41 8-peak.  The  bottom  Ti  is  in  the  metallic  state.  However,  the  presence  of 
small  oxygen  peak  suggests  that  small  amount  of  Ti  exists  in  an  oxide  phase  in  the 
bottom  Ti  layer. 


C (graphite) 


Ti  (TiO) 


Ti  (TiC) 


200  900  LOO  200  900  4.00 

ELECTRON  ENERGY  I«V) 


200  300  LOO 

ELECTRON 


^ Metallic  Ti 
200  300  LOO 

ENERGY  t«V) 


Figure  4-15  AES  spectrum  of  titanium  in  metallic  and  carbide  state,  and  carbon  in 
graphite  (organics)  and  carbide  stated 

AES  depth  profile  and  spectra  from  the  as  deposited  Ni/Ti/SiC  contacts  are  shown 
in  figure  4-16.  Carbon,  Ni  and  oxygen  were  found  from  the  surface  spectrum  suggesting 
the  presence  of  nickel  oxide  (Figure  4-16  (b)),  which  was  not  found  from  the 
Ti/Ni/Ti/SiC  contacts.  Ni  layer  spectrum  shows  Ni  (figure  4-16  (c)).  Figure  4-16  (d) 
shows  AES  spectrum  from  the  bottom  Ti  layer.  The  shape  of  the  Ti  peak  is  the  same  as 
the  metallic  showing  a higher  387-peak  than  the  418-peak. 
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Figure  4-16  AES  depth  profile  and  spectra  of  the  as  deposited  Ni/Ti/SiC  contacts  (a) 
depth  profile,  (b)  surface,  (c)  Ni  layer,  and  (d)  Bottom  Ti  layer 
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Figure  4- 1 6 Continued 

From  the  as  deposited  Ti/Ni/Ti/SiC  and  Ni/Ti/SiC  contacts,  the  chemical  states  of 
the  layers  before  annealing  are  shown.  The  top  Ti  (Ti/Ni/Ti/SiC  only)  was  in  an  oxide 
state  with  a small  portion  of  metallic  Ti.  The  bottom  Ti  was  in  the  metallic  state,  and  Ni 
was  probably  in  the  metallic  state  as  well.  Ni/Ti/SiC  contacts  showed  nickel  oxide  at  the 
surface.  In  summary,  the  layer  sequence  of  the  as  deposited  Ti/Ni/Ti/SiC  contacts  can  be 
represented  as  follows;  Surface  organics+TiOx  / TiOx+Ti  / Ni  / Ti  / SiC. 


Figure  4-17  AES  spectra  of  carbon  in  (a)  graphite  or  surface  contamination-organics  and 
hydrocarbons,  and  (b)  carbide  stated 
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The  previous  OM  data  showed  that  after  annealing  the  Ti/Ni/Ti/SiC  contacts  still 
showed  metallic  surfaces  (figure  4-7).  And  AES  data  showed  that  interfaces  of  the 
contact  remained  smooth  despite  of  the  reactions  that  occurred  to  form  an  ohmic  contact 
(figure  4-13).  For  example,  Ni  showed  a steep  interface  with  SiC.  This  is  attributed  to 
the  role  of  Ti  layer  below  Ni  that  controlled  the  interfacial  reactions.  The  presence  of  Si 
inside  Ni  layer  showed  that  nickel  silicide  (N^Si)  layer  formed  after  annealing,  which  has 
been  the  mechanism  of  the  ohmic  contact  formation  in  Ni  based  contacts.  The  bottom  Ti 
layer  moved  up  to  the  surface,  while  Ni  diffused  to  SiC  substrate.  As  a result  of  the 
silicide  reaction,  the  carbon  atoms  were  liberated  from  the  SiC  substrate  and  distributed 
throughout  the  nickel  silicide  layer  leaving  carbon  peaks  around  the  interface  between  Ni 
and  SiC.  Formation  of  titanium  carbide  was  also  indicated  as  an  interfacial  reaction 
between  Ti  and  the  excess  carbon.  The  Ti  and  oxygen  on  the  surface  suggested 
formation  of  titanium  oxide.  The  surface  data  showed  that  Ni  signal  was  reduced  from 
surface  region  of  the  Ti/Ni/Ti/SiC  contacts  compared  to  the  Ni/SiC  and  Ni/Ti/SiC 
contacts. 

AES  depth  profiles  and  spectra  from  the  annealed  Ti/Ni/Ti/SiC  contacts  are  shown 
in  figure  4-18.  Chemical  states  of  the  layers  (top  Ti,  Ni,  bottom  Ti,  and  carbon  in  each 
layer)  after  annealing  are  discussed. 

Surface  spectrum  found  carbon,  oxygen  and  Ti  (Figure  4-18  (b)).  As  shown  in 
figure  4-17  (a),  the  surface  carbon  was  graphite  or  surface  contamination-organics  and 
hydrocarbons  (probably  surface  contamination-organics). 73-76  jj  peaks  show  that  they 
are  in  an  oxide  state  (higher  387-peak  in  figure  4-15).  These  data  suggest  the  existence 
of  titanium  oxide  at  the  surface.  AES  spectrum  from  top  Ti  layer  displays  Ti  as  the  major 
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peak  (figure  4-18  (c)).  Oxygen  and  carbon  peaks  were  also  found.  Ti  peak  intensity 
increased  and  oxygen  decreased  compared  to  the  surface  spectrum.  Ti  peak  shape  was 
the  same  as  the  surface  data  (oxide  state).  Carbon  peak  changed  to  carbide  shape  that 

was  shown  in  figure  4-17  (b). 73-76  These  data  suggest  the  formation  of  titanium  oxide 
and  titanium  carbide  in  the  top  Ti  layer. 

In  figure  4-18  (d),  is  shown  AES  spectrum  from  the  bottom  Ti  layer.  The  bottom 
Ti  was  originally  located  below  Ni  layer.  It  moved  between  two  Ni  layers  upon 
annealing,  since  the  majority  of  Ni  layer  moved  to  SiC.  Ti  and  carbon  were  the  major 
peaks.  Small  nickel  and  oxygen  peaks  were  also  found.  Carbon  peak  shape  shows 

carbon  in  carbide  state  (figure  4-15,  17  (b)). 73-76  Ti  peak  shape  showed  carbide  state  as 

well  (figure  4-15)74.  Carbon  peak  increased  significantly  whereas  oxygen  decreased. 
Concentration  of  the  elements  in  the  bottom  Ti  layer  was  calculated  as  follows,  carbon 
(38  %)  and  titanium  (34.3  %)  showing  Ti  to  carbon  ratio  of  0.9:1.  These  data  suggest 
that  the  majority  of  bottom  Ti  turned  to  titanium  carbide  (TiC). 

AES  spectrum  from  Ni  layer  shows  Ni,  Si,  and  carbon  peaks,  providing  the 
concentration  of  nickel  (50.4  %),  silicon  (27.2  %)  and  carbon  (22.5  %)  (figure  4-18  (e)). 
Ni  to  Si  ratio  was  1 .85: 1 . Si  signal  follows  the  Ni  peak.  These  indicate  that  a nickel 
silicide  (Ni2Si)  layer  formed  upon  annealing.  Carbon  was  distributed  in  the  Ni  layers. 
Carbon  peak  shape  shows  that  the  carbon  is  graphite  or  surface  contamination-organics 
and  hydrocarbons  (figure  4-17  (a)).  Considering  that  the  carbon  is  located  in  the  middle 
of  contact  layer  and  silicide  reactions  occurred,  carbon  is  in  graphitic  carbon  state. 

AES  spectrum  from  the  carbon  peak  layer  at  the  Ni2Si/SiC  interface  is  shown  in 
figure  4-18  (f).  Carbon  was  the  major  element  as  expected.  Ni  and  silicon  peaks  were 
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also  found.  The  concentration  of  elements  is  as  follows,  carbon  (53.5  %),  nickel  (30.9 
%),  and  silicon  (15.6  %).  Ni  to  Si  ratio  was  1 .98:1  showing  the  formation  of  N^Si  phase 
as  the  Ni  layer.  Carbon  peak  shape  was  the  same  as  the  carbon  in  Ni  layer  (graphitic 
carbon).  Spectrum  from  SiC  substrate  was  recorded  to  confirm  carbon  peak  shape  in 
carbide  state  after  annealing  (figure  4-18  (g)). 

From  the  annealed  Ti/Ni/Ti/SiC  contacts,  the  chemical  states  of  layers  after 
annealing  are  discussed.  The  top  Ti  layer  showed  the  formation  of  titanium  oxide  and 
titanium  carbide.  The  formation  of  titanium  carbide  was  indicated  in  the  bottom  Ti  layer. 
The  bottom  Ti  was  in  the  metallic  state  before  annealing.  Ni  and  carbon  peak  layers 
showed  the  same  phases  (nickel  silicide  and  graphite),  except  for  the  difference  in  the 
concentration  ratio  (more  carbon  in  the  carbon  peak  layer). 
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Figure  4-18  AES  depth  profile  and  spectra  of  the  annealed  Ti/Ni/Ti/SiC  contacts  (a) 

depth  profile,  (b)  surface,  (c)  top  Ti,  (d)  bottom  Ti,  (e)  NixSi,  (f)  carbon  peak 
at  the  NixSi/SiC  interface,  and  (g)  SiC  substrate 
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Figure  4-18  Continued 
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Figure  4- 18  Continued 
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The  previous  OM  data  showed  that  after  annealing  the  Ni/Ti/SiC  contacts  still 
showed  metallic  surfaces.  AES  data  showed  that  interfaces  of  the  contact  remained 
smooth  despite  of  the  reactions  that  occurred  to  form  an  ohmic  junction. 

AES  depth  profile  and  spectra  from  the  annealed  Ni/Ti/SiC  contacts  are  shown  in 
figure  4-19.  Interfacial  reactions  and  phases  are  similar  to  the  Ti/Ni/Ti/SiC  contacts 
except  for  the  top  Ti  layer.  Carbon,  oxygen  and  Ti  peaks  were  found  from  surface 
spectrum  (figure  4-19  (b)).  Ti  and  carbon  peaks  suggest  the  existence  of  titanium  oxide 
at  the  surface  (figure  4-15,  17). 74  Figure  4-19  (c)  shows  spectrum  from  the  bottom  Ti 
layer.  After  annealing  the  bottom  Ti  moved  on  top  of  the  Ni  layer.  Ti  and  carbon  were 
the  major  peaks  with  the  concentration  of  Ti  (35  %)  and  carbon  (37  %),  providing  Ti  to  C 
ratio  of  0.95:1.  Carbon  and  Ti  peaks  show  formation  of  titanium  carbide  in  the  bottom  Ti 
layer  (figure  4-15,  17).  Ni  layer  spectrum  shows  Ni,  Si,  and  carbon  peaks  with  the 
concentration  of  carbon  (20.5%),  nickel  (52.8%),  and  Si  (26.7%)  (figure  4-19  (d)).  Ni  to 
Si  ratio  was  close  to  2:1  (1.98:1).  The  carbon  peak  shape  and  location  suggest  graphite 
formation  (figure  4-17  (a)).  Carbon  peak  layer  spectrum  shows  carbon  (45.3  %),  nickel 
(36.0  %),  and  silicon  (18.7  %)  (figure  4-19  (e)).  Ni  to  Si  ratio  was  1.93:1.  Carbon  peak 
shape  indicates  graphitic  carbon  as  the  carbon  in  Ni  layer. 

From  the  annealed  Ni/Ti/SiC  contacts,  chemical  state  of  the  layers  after  annealing 
is  discussed.  The  formation  of  titanium  carbide  was  shown  in  the  bottom  Ti  layer.  Ni 
and  carbon  peak  layers  showed  the  same  phases  (nickel  silicide  and  graphite),  except  for 
the  concentration  difference  (more  carbon  in  the  carbon  peak  layer). 
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Figure  4-19  AES  depth  profile  and  spectra  of  the  annealed  Ni/Ti/SiC  contacts  (a)  depth 
profile,  (b)  surface,  (c)  bottom  Ti  (d)  NixSi,  and  (e)  carbon  peak  layer  at  the 
NixSi/SiC  interface 
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Figure  4-19  Continued 

4.5.6  Transmission  Electron  Microscopy  (TEM) 

As  shown  in  the  I-V,  AES  and  XRD  data,  after  annealing  contacts  turned  to  ohmic 
as  a result  of  the  interfacial  reactions.  Interfacial  reactions  also  changed  layer  sequence 
and  interfacial  phases.  Cross-sectional  TEM  analysis  was  used  to  confirm  the  layer 
sequence  and  interfacial  morphology. 

Cross-sectional  TEM  pictures  of  the  annealed  Ni/SiC  and  Ti/Ni/Ti/SiC  contacts  are 
shown  in  figure  4-20.  The  annealed  Ni/SiC  contacts  show  very  rough  interfaces  between 
layers  including  the  nickel  silicide/SiC  interface  (figure  4-20  (a)).  Nickel  silicide  and 
carbon  layers  are  shown  in  the  figure.  This  result  indicates  that  the  diffuse  interface 
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profiles  shown  from  the  AES  data  (figure  4-9)  are  related  to  physically  rough  interfaces. 
Clear  and  smooth  interfaces  between  SiC  and  nickel  silicide  layers  are  observed  from  the 
Ti/Ni/Ti/SiC  contacts  (figure  4-20  (b)).  Clear  phase  separations  between  nickel  silicide 
and  titanium  carbide  layers  are  shown  as  well.  TEM  pictures  confirm  layer  inversion 
between  Ni  and  Ti  layers  in  the  Ti/Ni/Ti/SiC  contacts.  As  the  as-deposited  state,  Ni  layer 
was  placed  on  top  of  bottom  Ti.  After  annealing  they  changed  their  position.  Ni  as  a 
silicide  phase  exists  below  Ti  layer  in  a carbide  phase.  The  carbon  peak  layer  is  also  seen 


Figure  4-20  Cross-sectional  TEM  data  of  the  (a)  Ni/SiC  contacts  and  (b)  Ti/Ni/Ti/SiC 
contacts.  Both  annealed  at  1 000°C  for  2min. 
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at  the  nickel  silicide/SiC  interface  (figure  4-20  (b)).  Carbon  exhibits  light  color  on  the 
bright  field  image  of  TEM  due  to  less  electron  scattering  of  carbon  than  heavy 
elements. 50 

The  roughness  of  nickel  silicide/SiC  interfaces  is  measured  from  the  TEM  images. 
The  average  of  measured  roughness  values  is  calculated  for  the  annealed  Ni/SiC  and 
Ti/Ni/Ti/SiC  contacts.  The  average  interface  roughness  was  25.9±6.4  nm  and  7.5±2.3 
nm  from  the  Ni/SiC  and  Ti/Ni/Ti/SiC  contacts,  respectively.  These  data  show  the  effects 
of  Ti  layer  on  the  interface  profiles  of  nickel/titanium  contacts. 

Figure  4-21  shows  TEM  EDX  data  on  the  nickel  silicide,  titanium  carbide,  and 
carbon  peak  layers  of  the  annealed  Ti/Ni/Ti/SiC  contacts.  EDX  data  of  the  silicide  layers 


Figure  4-21  TEM  EDX  data  of  the  Ti/Ni/Ti/SiC  contacts  annealed  at  1000°C  for  2min. 
(a)  on  Ni2Si  layers,  (b)  on  TiC  layers,  and  (c)  C layers 
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show  Ni,  Si  and  carbon,  and  the  carbide  layers  show  Ti,  carbon  and  some  oxygen  as 
expected.  Carbon  layer  shows  the  same  elements  as  Ni  silicide  layer.  The  EDX  data  are 
consistent  with  the  TEM  images  and  the  AES  data. 

4.6  Discussion 

A new  tri  metal  Ti/Ni/Ti  scheme  for  ohmic  contacts  to  n-type  SiC  has  been 
investigated  in  this  study  to  meet  the  requirements  described  in  the  section  4.3.  Specific 
contact  resistance  of  lxlO"4  Q cm2  was  obtained  from  the  Ni/SiC  contacts  upon  forming 
the  Ni2Si  phase.  However,  these  Ni/SiC  contacts  exhibited  rough  interfaces  as  shown 
from  TEM  (figure  4-20)  and  AES  data  (figure  4-9). 

Ti/Ni/Ti/SiC  contact  structures  provided  good  ohmic  contacts  to  n-type  SiC,  with 
both  a smooth  interface  morphology  and  a low  contact  resistance.  A nickel  silicide  phase 
was  formed  in  the  Ti/Ni/Ti/SiC  contacts  providing  a low  specific  contact  resistance  (pc) 
of  2x1  O'4  Q cm2.  No  significant  difference  in  contact  resistance  was  found  between  the 
Ni/SiC  and  Ti/Ni/Ti/SiC  contacts.  However,  smooth  interfaces  were  only  obtained  when 
using  Ti  layer  below  Ni.  The  AES,  XRD,  and  cross-sectional  TEM  provided  detailed 
information  on  the  interfacial  reactions  and  their  products  relative  to  the  layer  sequence 
of  Ti/Ni/Ti/SiC  contacts.  The  interfacial  reactions  caused  dramatic  changes  in  the  layer 
sequence  and  the  interfacial  phases  of  contacts  upon  annealing.  Based  on  the  data 
presented  in  this  chapter,  a schematic  model  of  the  interfacial  layers  on  the  Ti/Ni/Ti/SiC 
contacts  is  deduced,  as  shown  in  figure  4-22.  The  as-deposited  Ti/Ni/Ti/SiC  contact 
shows  a top  Ti,  intermediate  Ni  and  bottom  Ti  layers  on  SiC  (figure  4-22  (a)).  Surface 
organics  and  titanium  oxide  exist  at  the  surface  of  both  contact  schemes.  After  annealing, 
a very  different  layer  sequence  is  observed  (figure  4-22  (b)).  For  annealed  contacts,  TiO 
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and  TiC  phases  were  in  the  top  Ti  layer.  A thin  nickel  silicide  layer  and  a carbon  layer 
follow.  The  bottom  Ti  layer  reacted  with  carbon  and  became  a TiC  layer.  The  TiC  layer 
was  on  top  of  nickel  silicide  layer.  Ni  reacted  with  Si  and  formed  nickel  silicide  (NUSi) 
leaving  carbon  as  a reaction  product.  A carbon  layer  was  formed  at  the  silicide/SiC 
interface. 


C (organics)  + TiO 

TcpTi 

Ti  + TiO 

Ni 

BottcmTi 

Ti  + TiO + TiC 

SiC 

(a) 

Figure  4-22.  A schematic  model  of  the  Ti/Ni/Ti/SiC  contacts,  (a)  as  deposited  and  (b) 
after  annealing 

The  layer  sequence  suggests  possible  interfacial  reactions  and  their  products.  The 
interfacial  reactions  involved  in  the  formation  of  ohmic  Ti/Ni/Ti/SiC  contacts  are 
summarized  as  follows.  Upon  annealing  first,  Ni  moves  to  the  SiC  interface.  It  is 
difficult  for  the  bottom  titanium  layer  to  move  to  the  surface.  The  titanium  layer  has 
oxygen  and  carbon  in  the  as  deposited  state  due  to  its  strong  oxygen  and  carbon  affinity. 
Once  Ni  atoms  reaches  the  SiC,  Si  atoms  are  liberated  from  SiC  and  start  forming  nickel 
silicide. 64  The  chemical  reaction  is  represented  by  the  following  equation. 

2Ni  + SiC  <=>  Ni2Si  + C 


(4-1) 
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In  the  case  of  Ni/Si  contacts,  Ni2Si  forms  at  250°C,  transforming  to  NiSi  at  400°C 
and  NiSi2  at  800°C.38  Ni/SiC  contacts  require  higher  temperatures  to  cause  the  initial 

reaction,  therefore  more  metal  rich  silicides  are  formed  first.38  in  forming  silicides  on 
SiC,  the  free  energy  of  the  reaction  is  equal  to  the  free  energy  of  formation  of  the  silicide 
minus  the  free  energy  formation  of  SiC.  Thus,  in  the  case  of  reactions  with  SiC,  silicide 
phase  requiring  less  SiC  dissociation  will  be  favored  relative  to  reactions  with  elemental 
Si  for  any  given  silicide.^8,40  Also  the  Ni-Si-C  phase  diagram  shows  that  Ni2Si  is  the 
only  silicide  in  equilibrium  with  both  C and  SiC.40,64 

In  terms  of  silicide  formation  from  reactions  with  SiC,  Ohdomari  et  al,39  reported 
that  Ni  carbide  was  not  detected.  Single-phase  polycrystalline  Ni2Si  was  formed  as  the 

only  reaction  products.  Pai  et  al.38  reported  the  formation  of  Ni2Si  phase  after  700°C,  30 

min  annealing  in  vacuum.  Crofton  et  al.5  concluded  that  after  a 2 min  annealing  at 
950°C  in  a vacuum,  a Ni  film  on  6H-SiC  turns  into  Ni2Si.  All  existing  studies  thus  show 
that  this  Ni2Si  phase  is  independent  of  the  poly  type,  the  doping  of  the  SiC  and  the  details 
of  the  annealing  cycle,  as  long  as  the  system  has  had  the  opportunity  to  reach  its 
thermodynamically  stable  state. 40  The  time-temperature  cycle  and  the  vacuum 
conditions  may  affect  the  kinetics  and  the  pathway  of  the  reaction.  This  in  turn  could 

change  the  morphology  of  the  carbon  and  silicide  in  the  final  state. 40 

Carbon  is  liberated  from  SiC  as  a result  of  the  silicide  reaction.  ^>39  in  this  study, 
the  excess  carbon  diffused  to  the  bottom  Ti  layer  and  formed  titanium  carbide  (TiC).  The 
possible  reaction  is  shown  below. 


Ti  + C o TiC 


(4-2) 
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Carbon  atoms  move  to  the  top  Ti  layer  as  well,  forming  titanium  carbide.  Thus  the  top  Ti 
layer  shows  titanium  carbide  as  well  as  oxide.  As  the  titanium  carbide  layer  forms,  the 
TiC  layer  provides  a barrier  for  the  Ni  diffusion.39  This  leaves  the  Ni  layer  between  two 
TiC  layers  after  annealing. 

In  addition  to  the  titanium  carbide  formation,  carbon  in  excess  of  that  consumed  to 
form  TiC  is  distributed  in  the  nickel  silicide  layer  and  forms  a carbon  layer  at  the 
silicide/SiC  interface.  Since  the  carbon  layer  exists  as  an  independent  phase  in  the  nickel 

silicide, ^39  jt  js  reasonable  that  a phase  separation  is  important  in  the  development  of  the 
morphology.  This  phase  separation  results  in  a carbon  layer  (band  structure)  to  minimize 
the  carbon  diffusion  distance  and  the  interfacial  area  between  the  silicide  matrix  and 
carbon  precipitates,  as  shown  from  the  TEM  data  (figure  4-20).  AES  and  TEM  EDX 
data  confirmed  the  composition  of  the  carbon  layers.  More  discussion  on  the  carbon 

layer  formation  is  provided  in  chapter  5.  Ohdomari  et  al.39  observed  at  600°C  that  N^Si 
forms,  carbon  bonds  are  found  to  be  graphitic  and  the  carbon  concentration  is  described 
as  being  constant  throughout  the  reacted  film,  except  near  the  N^Si/SiC  interface. 
Marinova  et  al3  also  observe  a carbon  peak  at  the  N^Si/SiC  interface  in  an  X-ray 
photoemission  profile  of  a sample  annealed  in  an  N2  atmosphere  for  10  min  at  950°C. 

Ohi  et  al.43  reported  that  carbon  atoms  existed  in  the  reacted  region  as  graphite,  and  the 
graphite  was  composed  of  fine  grains,  because  crystalline  graphite  was  not  detected  by 
X-ray  diffraction. 

In  order  to  understand  the  silicide  reaction,  thermodynamic  properties  and  a 
diffusion  parameter  are  considered.  Table  4-1  lists  common  metal  elements,  including 
Ni,  for  ohmic  contacts  to  n-SiC  and  their  thermodynamic  and  diffusion  property  at  high 
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annealing  temperature. 67, 68, 77-79  They  all  show  that  the  free  energy  of  silicide 

formation  is  lower  than  that  of  SiC.  Ni,  Ti  and  Mo  silicide  have  very  low  free  energy  of 

Table  4-1  Thermodynamic  and  diffusion  properties  of  metals  for  ohmic  contacts  to 
Sicl8, 67, 68, 77,79-83 


Metal 

s 

Stable 
phases 
with  SiC 

Resistivity 
of  silicides 
(pQcm) 

AGf  (KJ)  of 
silicide  at 
1000°C 
(SiC:  -54  KJ) 

Moving 
species  in 
silicide 
reaction 

T 

1 m 

(°C)  of 
silicid 
e 

AGf  (KJ) 
of  oxide  at 
1000°C 

Co 

CoSi 

30-86 

-87.5 

Si 

1460 

- 426.2 

Cr 

CrSi2 

-600 

-74.0 

Si 

1490 

NA 

Fe 

FeSi 

240-287 

-71.9 

Si 

1410 

- 688.4 

Mo 

MoSi2 

90-100 

- 130.6 

Si 

2020 

-415.4 

Ni 

Ni2Si 

20-25 

- 140.0 

Ni 

1318 

- 131.7 

Pd 

Pd2Si 

25-35 

-86.3 

Pd 

1330 

~-  10 

Ta 

TaSi2 

35-80 

- 114.8 

Si 

2040 

- 1522.9 

Ti 

TiSi2 

20-25 

- 126.1 

Si 

1540 

- 700.4 

W 

WSi2 

30-100 

-91.3 

Si 

2160 

-373.4 

Pt 

Pt2Si 

-35 

-86.2 

Pt 

1100 

- 157.8 

formation,  which  suggests  they  can  form  silicide  on  SiC.  Ni  silicide  shows  lower  free 
energy  of  formation  than  that  of  Ti  silicide.  Therefore,  Ni  should  form  a silicide  more 
readily  than  Ti  on  the  Ti/Ni/Ti/SiC  contacts. 

In  terms  of  the  diffusing  species,  metal  elements  should  move  during  the  silicide 
reaction  in  order  to  achieve  a smooth  and  uniform  interface  after  the  interfacial 

reaction.  77,79  The  diffusion  of  Si  atoms  to  create  silicides  creates  defects  and  voids 
(Kirkendall)  at  the  metal  semiconductor  interface,  resulting  in  a rough  interface.  Ni  and 
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Pd  have  an  advantage  in  this  aspect.  These  data  show  that  Ni  has  many  advantages  as  an 
ohmic  metal  in  terms  of  thermodynamic  and  diffusion  properties. 

In  this  study,  no  titanium  silicide  has  been  found  on  the  contacts.  This  is  an 
interesting  considering  that  Ti  has  been  widely  used  to  form  ohmic  contacts  to  Si  and 
SiC. 53, 54, 57, 58,61, 84, 85  Titanium  silicide  forms  on  Si  and  SiC  and  has  shown  low 
contact  resistance  values.  To  investigate  this  possibility,  thermodynamic  parameters  are 
calculated  for  possible  interfacial  reactions.  Table  4-2  shows  thermodynamic 
calculations  for  the  bottom  Ti  and  other  metals  that  form  carbide  phases.  It  is  shown  that 
titanium  and  nickel  make  a good  combination  in  forming  silicide  and  carbide.  Titanium 
carbide  has  lower  free  energy  of  formation  than  titanium  silicide  suggesting  titanium 
forms  carbide  phase  more  readily  than  its  silicide.  Ni  silicide  shows  lower  free  energy  of 
formation  than  Ti  silicide.  This  free  energy  of  formation  data  provided  a nickel  silicide 
Table  4-2  Thermodynamic  properties  of  elements  for  the  bottom  metal  (Ti)  of  the 


Ti/Ni/Ti/SiC  contacts  to  SiC18>67>68>77-79>86 


Metals 

Stable  phases 
with  SiC 

Resistivity 

(pQcm) 

AGf(KJ)  at 
1000°C 
(SiC:  -54  KJ) 

Tm(°C) 

silicides 

carbides 

AGf  (KJ)  of 
oxide  at 
1000°C 
(Si02:  - 687.8) 

Hf 

HfSi2 

HfC 

45-70 

39 

NA 

2142 

3950 

Hf02  : - 878.3 

Ni 

Ni2Si 

20-25 

- 140 

1318 

NiO  : - 131.7 

Ti 

TiSi2 

20-25 

- 126.1 

1500 

Ti02:  -700.4 

TiC 

62 

- 170.3 

3067 

Ta 

TaSi2 

35-45 

- 114.8 

2040 

Ta205 ! 

TaC 

22 

- 139.6 

4000 

- 1522.9 

W 

WSi2 

30-100 

-91.3 

2160 

W02 : - 373.4 

WC 

-20 

-35.2 

2747 

Zr 

ZrSi2 

35-40 

- 161.2 

1620 

Zr02:  -868.6 

ZrC 

-50 

- 187.9 

3420 
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and  a titanium  carbide  phases  on  the  Ti/Ni/Ti/SiC  contacts.  Titanium  oxide  can  take 
oxygen  from  SiC  and  Ni  preventing  oxidation  of  nickel  and  SiC  substrate. 

4.7  Summary 

A new  tri  Ti/Ni/Ti  metal  scheme  for  ohmic  contacts  to  n-type  SiC  has  been 
investigated.  Ti/Ni/Ti/SiC  contact  structures  provided  good  ohmic  contacts  to  n-type 
SiC,  with  both  smooth  interface  morphology  and  low  contact  resistance.  A nickel  silicide 
phase  (N^Si)  was  formed  on  the  Ti/Ni/Ti/SiC  contacts  providing  a specific  contact 
resistance  (pc)  value  of  lxlO'4  Q cm2,  which  was  the  same  as  the  contact  resistance  of 
Ni-only  contacts.  However,  a smooth  interface  was  obtained  using  a bottom  Ti  layer 
below  Ni.  Interface  roughness  of  25.9±6.4  run  and  7.5±2.3  nm  were  measured  for  Ni/SiC 
and  Ti/Ni/Ti/SiC  contacts,  respectively.  The  interfacial  reactions  caused  dramatic 
changes  in  the  layer  sequence  and  the  interfacial  phases  of  contacts  upon  annealing.  A 
schematic  model  of  the  interfacial  layers  on  the  Ti/Ni/Ti/SiC  contacts  was  deduced.  The 
annealed  contacts  show  that  a top  Ti  layer  has  TiOx  and  TiC  phases.  A thin  nickel 
silicide  layer  and  a carbon  layer  follow.  The  bottom  Ti  layer  turned  to  TiC  layer.  Ni 
reacted  with  Si  and  formed  nickel  silicide  (N^Si)  leaving  carbon  as  a reaction  product.  A 
carbon  layer  formed  at  the  silicide/SiC  interface. 

The  layer  sequence  suggests  possible  interfacial  reactions  and  their  products,  as 
follows.  Upon  annealing,  Ni  moves  to  the  SiC  interface  and  liberates  Si  atoms  from  SiC 
to  form  a nickel  silicide  phase.  Carbon  is  liberated  from  SiC  as  a result  of  the  silicide 
reaction.  In  this  study,  carbon  diffuses  to  the  bottom  Ti  layer  and  forms  a titanium 
carbide  (TiC)  phase.  Carbon  atoms  move  to  the  top  Ti  layer  as  well,  forming  titanium 
carbide.  Thus  the  top  Ti  layer  shows  titanium  carbide  as  well  as  oxide.  As  the  bottom 
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titanium  carbide  layer  forms,  it  provides  a barrier  for  the  Ni  diffusion.  This  leaves  a Ni 
layer  between  two  TiC  layers  after  annealing.  In  addition  to  the  titanium  carbide 
formation,  the  liberated  carbon  is  distributed  in  the  nickel  silicide  layer  as  a carbon  phase, 
and  forms  a graphitic  carbon  layer  at  the  silicide/SiC  interface.  This  appears  as  a carbon 
layer  (band). 

Ni  silicide  has  a lower  free  energy  of  formation  than  that  of  Ti  silicide.  Therefore, 
Ni  can  form  a silicide  more  readily  than  Ti  in  the  Ti/Ni/Ti/SiC  contacts.  In  terms  of  the 
diffusing  species  during  diffusion,  Ni  also  has  advantage  since  it  is  known  to  be  the 
fastest  moving  species.  These  data  show  that  Ni  has  many  advantages  as  the  ohmic  metal 
in  terms  of  thermodynamic  and  diffusion  properties.  Titanium  and  nickel  also  are 
complementary  in  forming  silicide  and  carbide.  Titanium  carbide  has  a lower  free  energy 
of  formation  than  titanium  silicide  suggesting  titanium  forms  carbide  phase  more  readily 
than  its  silicide.  Ni  silicide  shows  lower  free  energy  of  formation  than  Ti  silicide.  Thus 
nickel  silicide  and  titanium  carbide  phases  are  formed  in  the  Ti/Ni/Ti/SiC  contacts. 


CHAPTER  5 

THE  EFFECTS  OF  NICKEL  AND  TITANIUM  THICKNESS 
ON  NICKEL/TITANIUM  OHMIC  CONTACTS  TO  SIC 

5.1  Introduction 

In  the  previous  chapter,  it  was  reported  that  Ti/Ni/Ti/SiC  contact  showed  good 
ohmic  contact  properties  and  appeared  to  be  a promising  candidate  for  contact  to  n-type 
4H-SiC.  This  chapter  describes  a study  on  the  effects  of  Ni  and  bottom  Ti  layer  thickness 
on  the  ohmic  contact  formation  of  titanium/nickel/titanium  contacts  with  a constant 
thickness  top  Ti  layer.  After  annealing,  I-V  data  was  obtained.  For  specific  contact 
resistance,  a CTLM  pattern  was  used.  Optical  microscopy  (OM)  and  Auger  electron 
spectroscopy  (AES)  data  were  taken.  For  phase  identification,  X-ray  diffraction  (XRD) 
was  used.  Since  the  films  used  in  this  study  were  thin  (~1000A),  a glancing  incident 
angle  technique  was  used  to  increase  the  signal  to  noise  ratio  for  XRD.  Cross-sectional 
transmission  electron  microscope  (XTEM)  was  used  to  identify  the  interface  phase 
morphology. 

5.2  Effects  of  Ti  Thickness 

The  effects  of  bottom  Ti  thickness  on  the  ohmic  contact  formation  of 
titanium/nickel/titanium  contacts  were  investigated  varying  bottom  Ti  thickness  from  0 
nm  to  30  nm.  The  same  thickness  (6nm)  was  used  for  the  top  Ti  layer. 

5.2.1  Current  and  Voltage  (I-V)  Data 

Current-voltage  (I-V)  data  of  the  Ti/Ni/Ti/4H-SiC  contacts  with  different  Ti 
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Figure  5-1  I-V  data  of  the  contacts  with  different  bottom  Ti  thickness  (a)  as  deposited 
contacts  and  (b)  annealed  contacts 
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thickness  between  0 and  30  nm  are  shown  in  figure  5-1 . All  four  contacts  were  rectifying 
as  the  as-deposited  state.  Three  contact  structures  became  ohmic  upon  annealing  at 
1000°C  for  2 min  (figure  5-4  (b)),  while  the  data  from  30  nm  Ti  was  not  linear.  Contacts 
with  20  nm,  lOnm,  and  0 nm  bottom  Ti  showed  linear  I-V  data  and  the  same  slope  (figure 
5-1  (b)).  CTLM  data  showed  the  specific  contact  resistance  (pc)  are  3xl0‘4  Q cm2,  4x10' 
4 Q cm2  and  1 xlO'4  Q cm2  for  contacts  with  0 nm,  10  nm  and  20  nm  Ti,  respectively. 
When  forced  to  fit  a straight  line,  the  contacts  with  30  nm  Ti  showed  a specific  contact 
resistance  (pc)  of  2x1 0'3  Q cm2. 

5.2.2  Optical  Microscopy 

As  deposited  samples  show  smooth,  shiny  metallic  surface  (figure  5-2  (a)  and  (b)), 
and  the  contacts  with  30  nm  Ti  remain  smooth  and  shiny  after  annealing,  except  for  a few 
dark  spots  (figure  5-2  (c),  (d))  which  suggest  that  the  contacts  have  begun  to  diffuse  and 
react  at  the  interface.  Contacts  of  20  nm  Ti  show  color  changes  upon  annealing,  which 
are  probably  due  to  interfacial  reactions,  but  the  layers  are  continuous  and  smooth  (figure 
5-2  (e),  (0).  As  the  Ti  thickness  decreases  (lOnm  Ti),  the  color  of  contacts  becomes 


Figure  5-2  OM  pictures  of  the  contacts  with  different  Ti  thickness.  (a)&(b)  as  deposited 
contacts,  balance  from  annealed  contacts  with  Ti  thickness  of  (c)&(d)  30  nm, 
(e)&(f)  20  nm,  (g)&(h)  10  nm,  and  (i)&(j)  0 nm- 
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Figure  5-2  Continued 

darker  (figure  5-2  (g),  (h)),  and  the  Ni-only  contacts  display  many  dark  spots  (figure  5-2 

(i),  (]))• 
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5.2.3  XRD  Data 

For  phase  identification,  glancing  angle  (1°)  X-ray  diffraction  (XRD)  was  used 
since  the  typical  film  thickness  was  ~1000A.  XRD  data  with  different  Ti  thickness  are 
shown  in  figure  5-3.  As  deposited  contacts  shows  pure  Ni  peaks  only  (figure  5-3  (a)),  as 
confirmed  by  the  matching  peaks  with  a standard  (figure  5-4  (a),  JCPDS:  04-0850). 

Many  new  diffraction  peaks  appeared  upon  annealing  the  contacts. 

Pure  Ni  XRD  peaks  were  not  found  from  the  four  annealed  contacts.  Instead  the 
XRD  peaks  matched  data  from  a nickel  silicide  (N^Si)  (figure  5-4  (b),  JCPDS:  73-2092). 
This  Ni2Si  phase  was  found  from  contacts  with  either  a thin  or  thick  Ti  (30  nm)  layer,  the 
latter  of  which  showed  non-linear  I-V.  Titanium  carbide  (TiC)  peaks  are 


counts/s 


Figure  5-3  XRD  data  of  the  contacts  with  different  Ti  thickness  (a)  as  deposited,  and 
after  annealing  with  a Ti  thickness  of  (b)  30  nm,  (c)  20  nm,  (d)  10  nm,  and 
(e)  0 Ti  (Ni  only)  contacts.  Contacts  are  annealed  at  1000°C  for  2min. 
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Figure  5-4  XRD  peak  matching  data  using  JCPDS  (a)  Ni  (JCPDS:  04-0850)  for  as 

deposited  contacts  and  (b)  N^Si  (JCPDS:  73-2092)  for  annealed  contacts 
((d)  and  (e)  in  figure  5-3) 

detected  from  contacts  with  thick  bottom  Ti  (figure  5-3  (b),  (c)).  As  the  Ti  thickness 
decreases  (Figure  5-3  (d),  (e)),  the  contacts  showed  more  peaks  from  N^Si  and  less  from 
TiC. 

XRD  data  confirmed  that  nickel  silicide  and  titanium  carbide  formed  in  the 
contacts  with  concentrations  that  were  dependent  on  the  bottom  Ti  thickness,  which  is 
consistent  with  AES  data. 

5.2.4  Auger  Electron  Spectroscopy  (AES) 

Figure  5-5  shows  AES  depth  profiles  of  the  contacts  with  30  nm  Ti.  After 
annealing  the  interfaces  remain  sharp  with  more  than  50%  of  the  Ni  diffusing  to  the  SiC 
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interface.  A finite  Si  concentration  shows  formation  of  nickel  silicide  as  shown  from  the 
XRD  data  (figure  5-3).  Ti  still  exists  inside  the  Ni-Si  layer  (silicide). 


Figure  5-5  AES  depth  profiles  of  the  contacts  with  Ti  thickness  30  nm  (a)  as  deposited, 
and  (b)  annealed  at  1 000°C  for  2min. 

Figure  5-6  shows  the  AES  depth  profiles  from  contacts  with  20  nm  Ti.  The 
majority  of  the  Ni  layer  diffused  to  the  SiC  interface,  which  remains  smooth.  Ti  level 
inside  Ni  layer  is  negligible.  Carbon  was  distributed  in  Ni  layer.  The  trend  is  the  same  as 
the  schematic  model  of  Ti/Ni/Ti  contacts  discussed  in  chapter  4 (figure  4-22).  Contacts 
with  20  nm  Ti  showed  good  results  with  both  interface  profiles  (AES)  and  contact 


resistance  (I-V). 
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Figure  5-6  AES  depth  profiles  of  the  contacts  with  Ti  thickness  20  nm  (a)  as  deposited, 
and  (b)  annealed  at  1 000°C  for  2min. 

AES  depth  profiles  from  the  contacts  with  10  nm  Ti  (figure  5-7)  show  a diffuse 
Ni/SiC  interface.  Due  to  thin  bottom  Ti  layer,  most  Ni  layer  diffused  to  SiC  interface, 
and  the  presence  of  both  Si  and  Ni  signals  from  the  layer  show  formation  of  a nickel 
silicide  phase. 
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Figure  5-7  AES  depth  profiles  of  the  contacts  with  10  nm  Ti  thickness  (a)  as  deposited, 
and  (b)  annealed  at  1000°C  for  2min. 

AES  depth  profiles  of  the  contacts  with  0 bottom  Ti  (Ni-only)  (figure  5-8)  show 
very  diffuse  interfaces  between  Ni  and  SiC  after  annealing  (figure  5-8  (b)).  XTEM  data 
in  figure  4-20  showed  that  diffuse  interfaces  in  AES  profiles  were  related  to  physically 
rough  interfaces.  Since  there  is  no  bottom  Ti  layer  on  these  contacts,  Ni  reacted  with  SiC 
without  any  barrier.  The  reactions  is  indicated  by  the  presence  of  Si  inside  the  Ni  layer, 
as  is  reported  from  the  other  contacts. 
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Figure  5-8  AES  depth  profiles  of  the  contacts  with  0 bottom  Ti  (Ni  only)  (a)  as 
deposited,  and  (b)  annealed  at  1000°C  for  2min. 

Contacts  with  20  nm  bottom  Ti  layers  showed  good  ohmic  contacts  with  resistance 
as  low  as  lxlO-4  Q cm2  and  sharp  interface  profiles.  Thick  bottom  Ti  (>20nm)  contacts 
showed  non-linear  I-V  data.  Contacts  with  thin  Ti  layers  (<20  nm)  displayed  diffuse 
interfaces  upon  annealing.  These  data  suggest  that  the  bottom  Ti  thickness  plays  an 
important  role  in  ohmic  contact  formation  of  the  Ti/Ni/Ti  contacts.  The  non-linear  I-V 
data  of  the  thick  Ti  (30  nm)  contacts  can  be  attributed  to  the  presence  of  Ti  in  the  Ni-Si 


layer  (silicide)  of  the  contacts. 
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5.3  Effects  of  Ni  Thickness 

The  effects  of  Ni  layer  thickness  on  the  ohmic  contact  formation  were  investigated 
by  varying  it  from  30  nm  to  90  nm,  while  maintaining  constant  Ti  thickness  (6  nm  top 
and  20  nm  bottom).  The  contact  structures  are  as  follows,  Ti/90nmNi/20nmTi, 
Ti/70nmNi/20nmTi,  Ti/50nmNi/20nmTi,  and  Ti/30nmNi/20nmTi. 

5.3.1  Current  and  Voltage  (I-V)  Data 

Current-voltage  (I-V)  data  from  Ti/Ni/Ti/SiC  contacts  with  different  Ni  thickness 
are  shown  in  figure  5-9.  All  four  contacts  were  rectifying  as  the  as-deposited  state  (figure 
5-9  (a)).  Upon  annealing  at  1000°C  for  2 min  in  N2,  they  became  ohmic  and  showed 
linear  straight  I-V  data  (figure  5-9  (b)).  CTLM  calculation  provided  specific  contact 
resistances  (pc)  of  1.8xl0"4  Q cm2,  5.8xl0~4  Q cm2,  3.5xl0"4  Q cm2  and  1.9x10  4 Q cm2 
for  90nmNi/20nmTi,  70nmNi/20nmTi,  50nmNi/20nmTi  and  30nmNi/20nmTi  contacts, 
respectively.  No  major  difference  in  contact  resistance  was  found  between  the  contacts, 
demonstrating  that  nickel/titanium  forms  an  ohmic  contact  regardless  of  the  Ni  thickness, 
if  an  optimum  bottom  Ti  thickness  is  provided. 
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Figure  5-9  I-V  curves  of  the  contacts  with  different  Ni  thickness,  (a)  as  deposited 
contacts  and  (b)  contacts  annealed  at  1000°C  for  2min. 


5.3.2  XRD  data 

XRD  spectra  of  the  annealed  contacts  with  different  Ni  thickness  are  shown  in 
figure  5-10.  After  annealing,  pure  Ni  peaks  from  the  as  deposited  contacts  (figure  5-3 
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(a))  disappeared  and  many  new  diffraction  peaks  appeared  (figure  5-10).  The  XRD  peaks 
matched  data  from  a nickel  silicide  (N^Si)  (figure  5-4  (b),  JCPDS:  73-2092).  This  N^Si 
phase  was  found  from  contacts  with  either  a thin  (30  nm)  or  thick  Ni  (50-90  nm)  layer. 
Titanium  carbide  (TiC)  peaks  are  detected  from  contacts  (figure  5-10).  As  Ni  thickness 
increases  (Figure  5-10  (c),  (d)),  the  contacts  showed  more  peaks  from  NCSi. 

XRD  data  confirmed  that  nickel  silicide  and  titanium  carbide  formed  in  the 
contacts  with  concentrations  that  were  dependent  on  the  Ni  thickness,  which  is  consistent 
with  AES  data.  Carbon  peak  was  not  found. 
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Figure  5-10  XRD  data  of  the  contacts  with  different  Ni  thickness,  (a)  30  nm,  (b)  50  nm, 
(c)  70  nm,  and  (d)  90  nm.  The  contacts  are  annealed  at  1000°C  for  2min. 
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5.3.3  Auger  Electron  Spectroscopy  (AES) 

Figure  5-1 1 shows  AES  depth  profiles  of  the  Ti/90nmNi/20nmTi  contacts.  After 
annealing,  the  layer  sequence  is  changed  due  to  diffusion  and  reactions.  The  trend 
follows  the  model  in  chapter  4 (figure  4-22)  except  for  carbon  profiles.  The  majority  of 
the  Ni  layer  diffuses  to  the  SiC  interface.  A Si  signal  is  detected  inside  the  Ni  layer. 


Min:  O Max:  58716 


Min:  O Max:  58131 


Figure  5-11  AES  depth  profiles  of  the  Ti/Ni/Ti  contacts  with  90  nm  of  Ni  (a)  as 
deposited,  and  (b)  annealed  at  1000°C  for  2min. 

whereas  Ti  in  this  layer  is  negligible.  Carbon  is  distributed  in  Ni  layer  resulting  in  two 
carbon  peaks  in  the  depth  profile.  One  peak  is  close  to  the  Ni/SiC  interface,  and  the 
second  one  is  inside  the  Ni  layer.  Carbon  inside  the  Ni  layer  has  a high  concentration 
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when  the  Ni  is  relatively  low,  suggesting  a phase  separation  between  the  N^Si  and  a 
carbon  phase,  as  discussed  in  section  4.5.  In  contrast,  the  carbon  signal  intensity  from 
inside  the  Ti  layer  increases  where  Ti  signal  intensity  increases,  consistent  with  the 
presence  of  TiC  suggested  by  XRD.  The  profiles  at  the  interfaces  remain  sharp, 
suggesting  a lack  of  roughness  (figure  5-11  (b)). 

AES  depth  profiles  of  the  Ti/70nmNi/20nmTi  and  Ti/50nmNi/20nmTi  contacts  are 
shown  in  figures  5-12  and  5-13.  The  trends  and  their  interpretations  are  the  same  as  for 
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Figure  5-12  AES  depth  profiles  of  the  contacts  with  70  nm  of  Ni  (a)  as  deposited,  and  (b) 
annealed  at  1 000°C  for  2min. 
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the  90nm  Ni  contact  above  except  for  carbon  profiles  inside  silicide  layer.  Only  one 
carbon  layer  is  found  at  the  Ni/SiC  interface  of  the  contacts  (figure  5-12  and  13).  No 
second  carbon  layer  is  found  inside  the  silicide  layer.  Since  the  Ti/50nmNi/20nmTi 


contacts  have  thinner  Ni,  more  compact  Ni  and  carbon  profiles  are  shown  compared  to 


the  Ti/70nmNi/20nmTi  contacts. 
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Figure  5-13  AES  depth  profiles  of  the  contacts  with  50  nm  of  Ni  (a)  as  deposited,  and  (b) 
annealed  at  1 000°C  for  2min. 


The  AES  depth  profiles  of  the  Ti/30nmNi/20nmTi  contacts  (figure  5-14)  show  that 
Ni  diffuses  to  the  SiC  interface  upon  annealing.  The  top  and  bottom  Ti  layers  are  merged 
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together,  while  Si  and  negligible  Ti  are  found  in  the  Ni  layer.  Carbon  distribution  in  the 
Ni  layer  is  smoother  than  the  contacts  with  a thicker  Ni  (>30  nm)  layer.  No  significant 
carbon  peak  layer  was  found  in  the  Ni  layer  or  at  the  Ni/SiC  interface.  Except  for 
smoother  carbon  profiles  in  Ni,  carbon  follows  the  same  trend  as  the  other  thicker  Ni 
contacts.  Si  in  the  Ni  layer  follows  the  Ni  profiles  indicating  formation  of  N^Si. 


Time  (mins.) 


Figure  5-14  AES  depth  profiles  of  Ti/Ni/Ti  contacts  with  30  nm  ofNi  (a)  as  deposited, 
and  (b)  annealed  at  1 000°C  for  2min. 

The  AES  data  showed  that  the  different  Ni  thickness  contacts  follow  the  same  trend 
as  the  nickel/titanium  contacts  discussed  in  chapter  4 (figure  4-22).  Ni  diffused  to  SiC 
and  Ti  layer  is  placed  on  top  of  the  Ni  layer.  Nickel  silicide  and  titanium  carbide 
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formation  is  shown.  Carbon  distribution  in  the  nickel  silicide  layer  changed  with  Ni 
thickness.  Contacts  with  90  nm  Ni  showed  two  carbon  peak  layers,  whereas  contacts 
with  50  and  70  nm  Ni  exhibited  one  carbon  layer  at  the  Ni/SiC  interface.  Contacts  with 
30  nm  of  Ni  didn’t  show  any  prominent  carbon  peak  layer  and  the  carbon  distribution 
was  more  uniform  than  the  thicker  Ni  (>30  nm)  contacts.  This  suggests  that  Ni  layer 
thickness  can  control  the  carbon  distribution  inside  silicide  layer. 

5.3.4  Transmission  Electron  Microscopy  (TEM) 

As  shown  in  the  I-V,  AES  and  XRD  data,  upon  annealing  contacts  turned  to  ohmic 
as  a result  of  the  interfacial  reactions.  Interfacial  reactions  also  changed  layer  sequence 
and  interfacial  phases.  Cross-sectional  TEM  analysis  was  used  to  confirm  the  layer 
sequence  and  interface  profiles  of  contacts.  Cross-sectional  TEM  pictures  of  the  contacts 
with  different  Ni  thickness  are  shown  in  figure  5-15.  Clear  and  smooth  interfaces 
between  SiC  and  nickel  silicide  layers  are  observed  (figure  5-15  (b),  (c),  (d))  even  after 
annealing.  Clear  phase  separation  between  silicide  and  carbide  layers  is  shown  as  well. 
TEM  pictures  confirm  layer  inversion  between  Ni  and  Ti  layers.  TEM  image  of  the  as- 
deposited  30  nm  Ni  contacts  shows  that  30  nm  Ni  layer  exists  on  top  of  20  nm  bottom  Ti 
layer  (figure  5-15  (a)).  After  annealing  Ni  in  a silicide  phase  exists  below  Ti  in  a carbide 
phase.  Carbon  peak  layer  is  not  found  in  the  contacts  with  30  nm  Ni  (figure  5-15  (b))  as 
expected  from  the  AES  data  (figure  5-14).  Contacts  with  70  nm  Ni  show  one  carbon 
layer  at  the  silicide/SiC  interface  (figure  5-15  (c)).  Two  carbon  layers  are  shown  in  the 
contacts  with  90  nm  of  Ni  (figure  5-15  (d)),  as  shown  from  the  AES  data  (figure  5-1 1 


(b))- 
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Figure  5-15  Cross-sectional  TEM  images  of  the  Ti/Ni/Ti  contacts  with  different  Ni 

thickness,  (a)  as  deposited  contacts  with  Ni  30  nm,  (b)  annealed  contacts 
with  Ni  30  nm,  (c)  annealed  contacts  with  Ni  70  nm,  and  (d)  annealed 
contacts  with  Ni  90  nm.  Contacts  are  annealed  at  1000°C  for  2min.  Bottom 
Ti  20  nm. 

Roughness  change  of  the  silicide/SiC  interface  with  Ni  thickness  is  measured  from 
the  TEM  images.  The  average  of  the  measured  roughness  values  are  as  follows.  4.6±1.6 
nm,  7.5±2.3  nm,  and  9.9±3.2  nm  are  from  the  contacts  with  30  nm  Ni,  70  nm  Ni,  and  90 
nm  Ni,  respectively.  Interface  roughness  increases  with  Ni  thickness  due  to  the  thicker 
silicide  layer  and  more  carbon  layers  in  the  thick  Ni  contacts,  but  it  is  still  lower  than  the 
Ni-only  contacts  (25.9±6.4  nm)  measured  in  chapter  4 (figure  4-20). 

Figure  5-16  shows  TEM  EDX  line  scanning  data  of  the  contacts  with  Ni  30  nm  and 
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Figure  5-16  TEM  EDX  line  scanning  data  of  the  Ti/Ni/Ti  contacts  with  different  Ni 
thickness,  (a)  as  deposited  contacts  with  Ni  30  nm,  and  (b)  annealed 
contacts  with  Ni  30  nm,  and  (c)  annealed  contacts  with  Ni  90  nm.  Contacts 
are  annealed  at  1 000°C  for  2min.  Bottom  Ti  20  nm 
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90  nm.  EDX  data  shows  elemental  distribution  across  the  contact.  The  as  deposited 
contacts  show  layer  sequence  of  Ti/Ni/Ti/SiC  (figure  5-16  (a)).  The  annealed  30  nm  Ni 
contacts  exhibit  titanium  carbide  layer  on  nickel  silicide.  Uniform  carbon  profiles  are 
shown  as  well.  Figure  5-16  (c)  shows  TEM  EDX  of  the  annealed  Ni  90  nm  contacts 
revealing  a complicated  layer  structure  as  shown  from  the  TEM  images  (figure  5-15). 

Two  carbon  layers  are  shown.  One  is  in  silicide  layer  and  the  other  one  at  the  Ni/SiC  the 
interface  supporting  the  TEM  images. 

These  trends  are  consistent  with  the  TEM  images,  AES  data,  and  the  TEM  data  in 
chapter  4 (figure  4-20). 

5.4  Discussion 

In  this  chapter,  the  effects  of  nickel  and  bottom  titanium  thickness  on  the  ohmic 
contact  formation  of  nickel/titanium  contacts  were  studied.  The  experimental  data  from 
different  Ti  thickness  showed  that  there  was  generally  a diffuse  interface  observed  when 
the  contact  resistance  was  low.  If  the  bottom  Ti  thickness  was  20  nm  or  less  than  20  nm, 
an  ohmic  contact  formed.  Specific  contact  resistances  as  low  as  lxlO'4  Q cm2  were 
obtained.  Contacts  with  a 20  nm  bottom  Ti  layer  showed  a low  contact  resistance  and 
smooth  interface  profiles  suggesting  that  this  thickness  is  the  optimum  condition.  For  a 
bottom  Ti  layer  <20  nm,  the  contacts  showed  a diffuse  silicide/SiC  interface  profiles 
(figure  5-7,  8).  The  diffuse  interface  is  related  to  interface  roughness,  which  was 
confirmed  by  the  TEM  data  in  chapter  4 (figure  4-20).  For  bottom  Ti  layers  >20  nm,  the 
annealed  contacts  exhibited  steep  profiles.  However,  these  thick  Ti  contacts  also  showed 
non-linear  I-V  data  and  high  contact  resistance,  even  after  annealing  (figure  5-1).  The 
difference  between  the  thick  Ti  contacts  and  thin  Ti  contacts  are  found  in  the  AES  data 
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(figure  5-5~8).  AES  data  from  the  thick  Ti  contacts  revealed  that  Ti  still  existed  inside 
the  nickel  layer,  suggesting  incomplete  diffusion  of  Ni  to  the  SiC  interface.  Thus  the 
presence  of  Ti  layer  inside  Ni  layer  provided  a barrier  preventing  the  contacts  from 
becoming  ohmic.  Carbon  in  thick  Ti  layers  followed  the  Ti  profiles  due  to  formation  of 
TiC,  as  verified  by  XRD.  Similarly,  Si  followed  the  Ni  profiles  due  to  formation  of 
Ni2Si,  as  verified  again  by  XRD.  Carbon  peak  layer  at  the  Ni/SiC  interface  was  also 
found  as  the  contacts  with  20  nm  Ti. 

This  trend  can  be  understood  using  the  schematic  model  of  the  layers  in 
Ti/Ni/Ti/SiC  contacts  as  shown  in  chapter  4 (figure  4-22).  The  model  shows  that  SiC 
substrate  contacts  the  N^Si  and  carbon  layer  directly.  A schematic  model  of  the  layers  in 
the  thick  Ti  contacts  is  drawn  in  figure  5-17. 
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Figure  5-17  Schematic  model  of  the  layers  in  the  thick  (30nm)  bottom  Ti  contacts  (a)  as 
deposited,  and  (b)  annealed  contacts 

The  only  difference  between  the  20  nm  Ti  contacts  (figure  4-22)  and  the  schematic 
for  the  thick  bottom  Ti  contacts  (figure  5-17)  is  the  presence  of  Ti  (or  TiC)  layer  inside 
the  N^Si  and  carbon  layers.  This  suggests  that  the  nickel  silicide  should  contact  SiC 
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substrate  directly  to  obtain  an  ohmic  contact  with  the  20  nm  bottom  Ti  contacts.  The  20 
nm  bottom  Ti  contacts  showed  contact  resistance  as  low  as  1x10  4 Q cm2  and  smooth 
silicide/SiC  interface  (7.5±2.3  nm)  as  shown  from  the  TEM  data  (figure  5-15). 

The  effects  of  nickel  thickness  on  the  ohmic  contact  formation  of  nickel/titanium 
contacts  were  studied  using  a fixed  top  and  bottom  Ti  thickness  (6  and  20  nm).  All  four 
contacts  with  different  Ni  thickness  (90nmNi/20nmTi,  70nmNi/20nmTi, 

50nmNi/20nmTi,  and  30nmNi/20nmTi)  became  ohmic  upon  annealing  with  the  specific 
contact  resistance  of  3.3x10  4+  2.5x10  4Q  cm2.  The  contact  resistance  didn’t  vary  with 
nickel  thickness  (figure  5-9),  if  the  bottom  Ti  thickness  was  optimized.  The  general  trend 
of  the  interfacial  reactions  and  layer  sequence  in  the  nickel/titanium  contacts  was 
maintained  independent  of  nickel  thickness.  Ni  diffused  to  SiC  and  formed  silicide 
(N^Si),  which  was  confirmed  by  XRD  (figure  5-10)  and  TEM  (figure  5-15)  data.  Carbon 
reacted  with  Ti  forming  a TiC  layer.  AES  data  showed  that  carbon  in  Ti  layers  matched 
well  the  Ti  profiles  due  to  the  TiC  formation  (figure  5-1 1—14).  In  the  nickel  silicide 
layer,  carbon  exhibited  the  opposite  trend  from  the  Ni  profiles. 

One  parameter  that  was  affected  by  the  Ni  thickness  was  the  carbon  distribution  in 
the  Ni2Si  layer.  The  AES  depth  profiles  from  contacts  with  90  nm  Ni  showed  two  carbon 
peaks  (layers)  with  complicated  multi  layer  structures  after  annealing  (figure  5-11).  One 
of  them  was  in  the  nickel  silicide  and  the  other  one  at  the  silicide/SiC  interface.  As  Ni 
thickness  decreased,  the  number  of  carbon  layers  in  the  silicide  deceased  as  well. 
Contacts  with  70  and  50  nm  Ni  layers  exhibited  one  carbon  layer  at  the  silicide/SiC 
interface.  More  compact  profiles  were  observed  from  50  nm  Ni  contacts.  In  the  30  nm 
Ni  contacts,  the  carbon  distribution  in  the  Ni  silicide  layer  was  more  uniform  than  in  the 
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thicker  Ni  (>30  nm)  contacts.  No  significant  carbon  layer  was  found  at  the  silicide/SiC 
interface  of  the  30  nm  Ni  contacts  (figure  5-14).  TEM  images  showed  the  same  trend  as 
described  above  (figure  5-15). 

The  dependence  of  carbon  distribution  on  Ni  thickness  can  be  understood  based  on 
phase  separation  between  nickel  silicide  and  a carbon  phase  (probably  graphite)  as 
described  in  chapter  4.  Graphite  has  been  reported  to  exist  as  a second  phase  in  nickel 
silicide, 8,39  therefore  it  is  reasonable  to  expect  such  a phase  separation  in  the  present 
experiment.  As  the  Ni  thickness  increases,  there  will  be  more  carbon  atoms  in  the 
silicide  layer  due  to  the  larger  extent  of  reaction  between  Ni  and  SiC  to  form  silicide. 
When  the  concentration  of  carbon  exceeds  the  solid  solubility  limit  in  nickel  silicide, 
carbon  will  precipitate  as  a second  phase  in  the  silicide  layer.  When  the  carbon  atoms 
precipitate  in  a matrix,  they  will  try  to  minimize  diffusion  distance.  This  results  in  a band 
structure.87  However,  the  generation  of  new  carbon  layers  in  a matrix  will  increase  the 
energy  term  associated  with  the  creation  of  a new  interface  between  the  silicide  and  the 
carbon  precipitate.  To  reduce  this  interface  energy  term,  the  system  may  attempt  to 
minimize  the  interface  area  between  silicide  and  carbon  phase  by  spherodization  and 
Ostwald  ripening.  Thus  the  free  energy  reduction  from  carbon  precipitation  works  to 
create  small  precipitates,  while  the  interface  energy  terms  tend  to  agglomerate  and 
enlarge  them.  The  balance  between  these  two  driving  forces  dictates  that  the  carbon  form 
layers,  the  number  of  which  depends  upon  the  extent  of  reaction,  i.e.  on  the  Ni  layer 
thickness.  When  the  total  thickness  of  matrix  (nickel  silicide  in  this  study)  increases,  the 
number  of  precipitated  carbon  layers  inside  the  matrix  tends  to  increase  to  reduce  the 
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diffusion  distance  of  carbon.  This  basic  model  of  phase  separation  provides  a good 
explanation  for  the  observation  of  multiple  carbon  layers  depending  on  the  Ni  thickness. 

In  contacts  with  90  nm  of  Ni,  diffusion  distance  of  the  liberated  carbon  atoms  was 
long  enough  to  require  extra  time  for  long-range  diffusion.  In  fact,  the  distances  were  too 
long  and  the  reaction  generated  a new  interface  between  the  silicide  and  a carbon  layer, 
i.e.  a second  carbon  layer  was  formed.  Contacts  with  70  and  50  nm  of  Ni  showed  one 
carbon  peak  at  the  silicide/SiC  interface,  because  the  carbon  diffusion  distance  was  not 
long  enough  to  force  the  system  to  spend  the  extra  energy  to  form  a new  interface.  In 
contacts  with  30  nm  Ni,  the  smaller  area  of  the  silicide  matrix  and  smaller  amount  of 
carbon  provided  a smoother  carbon  profile  in  N^Si.  The  carbon  intensity  at  the 
silicide/SiC  interface  was  not  significantly  higher  than  the  average  carbon  concentration 
in  the  silicide  layer,  suggesting  that  carbon  did  not  concentrate  at  the  interface. 

The  Ni  to  Ti  ratio  of  the  contacts  was  an  important  factor  that  affected  the 
smoothness  of  the  carbon  profile  in  silicide  layer  of  the  30  nm  Ni  contacts.  Since  the  Ti 
layers  react  with  the  liberated  carbon  and  form  TiC,  in  lower  Ni  to  Ti  ratio  contacts  (30 
nm  Ni  contacts  have  the  lowest  Ni  to  Ti  ratio),  a larger  portion  of  the  carbon  atoms  will 
be  consumed  in  the  carbide  reaction  with  titanium  than  in  the  thick  Ni  contacts  (higher  Ni 
to  Ti  ratio).  This  results  in  a lower  driving  force  to  cause  precipitation  of  carbon  in 
silicide  layer,  which  results  in  a smoother  carbon  profile.  Based  on  this  explanation, 
schematic  models  of  the  contacts  with  different  Ni  thickness  are  drawn  in  the  following 


figures. 
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Figure  5-18  Schematic  model  of  the  layers  in  90nm  Ni  contacts  (a)  as  deposited,  and  (b) 
annealed  contacts,  bottom  Ti  20  nm. 
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Figure  5-19  Schematic  model  of  the  layers  in  50  and  70  nm  Ni  contacts  (a)  as  deposited, 
and  (b)  annealed  contacts,  bottom  Ti  20  nm. 

The  contacts  with  70  and  50  nm  Ni  have  the  same  layer  sequence  as  the  schematic 
model  shown  in  chapter  4,  i.e.  one  carbon  layer.  A schematic  model  of  the  30  nm  Ni 
contacts  is  shown  in  figure  5-20,  and  no  separate  carbon  layer  is  displayed. 
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Figure  5-20  Schematic  model  of  the  layers  in  30  nm  Ni  contacts  (a)  as  deposited,  and 
(b)  annealed  contacts,  bottom  Ti  20  nm. 

These  models  suggest  that  the  Ni  layer  thickness  can  be  used  to  control  carbon 
distribution  in  the  silicide  layer.  Excess  carbon  in  silicide  layer  has  been  reported  to  limit 
the  high  temperature  stability  of  the  contacts.8,39  Therefore  the  carbon  layer  can  be 
reduced  or  removed  by  controlling  the  Ni  thickness  for  a fixed  bottom  Ti  thickness. 

TEM  images  showed  that  the  roughness  of  silicide/SiC  interface  increased  with  Ni 
thickness.  The  average  measured  roughnesses  are  4.6±1 .6  nm,  7.5±2.3  nm,  and  9.9±3.2 
nm  from  the  contacts  with  30  nm  Ni,  70  nm  Ni,  and  90  nm  Ni,  respectively.  Interface 
roughness  increases  with  Ni  thickness  due  to  more  reaction  forming  thicker  silicide  and 
carbon  layers,  but  these  roughnesses  for  Ti/Ni/Ti  contacts  were  still  lower  than  for  Ni- 
only  contacts  (25.9  nm)  reported  in  chapter  4. 

The  CTLM  data  show  that  30  nm  Ni  and  20  nm  Ti  contacts  provide  good  ohmic 
contacts  with  low  contact  resistance  (1.9x10 4 Q cm2)  and  smooth  interfaces.  The 
contacts  provide  low  carbon  concentration  as  well,  since  a separate  carbon  layer  is  not 
found  in  the  contacts  with  30  nm  Ni  and  20  nm  Ti. 
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5.5  Summary 

The  effects  of  Ni  and  Ti  layer  thickness  on  the  resistance  and  interfacial  abruptness 
of  n-type  silicon  carbide  ohmic  contacts  were  studied.  In  contact  with  a top  and  bottom 
Ti  layer  sandwiching  a Ni  intermediate  layer,  the  bottom  Ti  thickness  was  more 
important  than  the  Ni  thickness  for  the  ohmic  contact  properties.  The  contacts  with  20 
nm  bottom  Ti  layer  showed  a low  contact  resistance  (l.OxlO'4  Q cm2)  while  maintaining 
a smooth  interface.  Ti/Ni/Ti  contacts  with  Ti  bottom  layer  <20  nm  showed  rough 
interfaces  with  low  contact  resistance.  Thicker  Ti  (>20  nm)  contacts  showed  non-linear 
I-V  data. 

The  effects  of  Ni  thickness  were  studied.  Specific  contact  resistances  (pc)  of 
3.3X10"4  ± 2.5xl0‘4  Q cm2  were  obtained  from  90nmNi/20nmTi,  70nmNi/20nmTi, 
50nmNi/20nmTi  and  30nmNi/20nmTi  contacts.  No  major  difference  in  the  contact 
resistance  was  found  with  Ni  thickness.  However,  carbon  distribution  in  the  nickel 
silicide  layers  changed  with  Ni  thickness.  The  number  of  carbon  layers  in  silicide 
increased  with  Ni  thickness.  The  30  nm  Ni  contacts  (Ti/30nmNi/20nmTi)  showed  more 
uniform  carbon  distribution  in  the  Ni  layer  than  for  the  thicker  Ni  (>30  nm)  contacts.  No 
carbon  peak  layer  was  found  in  the  30  nm  Ni  contacts.  Thus,  the  carbon  layer  can  be 
reduced  or  removed  by  controlling  the  Ni  thickness  for  a fixed  bottom  Ti  layer  thickness. 
The  silicide/SiC  interface  roughness  increased  with  Ni  thickness.  The  measured 
roughness  values  were  4.6±1.6  nm,  7.5±2.3  nm,  and  9.9±3.2  nm  from  the  contacts  with 
30  nm  Ni,  70  nm  Ni,  and  90  nm  Ni,  respectively,  but  all  of  these  roughness  values  are 
lower  than  those  from  contacts  with  only  Ni  (25.9±6.4  nm).  These  results  showed  that 
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6nm  Ti  / 30nm  Ni  / 20nm  Ti  / SiC  contacts  provide  good  ohmic  contact  with  low  contact 
resistance,  smooth  interface,  and  less  free  carbon. 


CHAPTER  6 
CONCLUSIONS 

Titanium/nickel/titanium/SiC  multi  layer  metallization  has  been  studied  for  ohmic 
contacts  to  n-type  SiC.  Good  ohmic  contacts  to  n-type  SiC  were  obtained  from  the 
Ti/Ni/Ti/SiC,  with  a smooth  interface  morphology  and  contact  resistances  as  low  as 
lxlO'4  Q-cm2.  As-deposited  Ni/SiC,  Ni/Ti/SiC  and  Ti/Ni/Ti/SiC  contacts  were 
rectifying.  After  annealing  at  1000°C  for  2 minutes  in  N2  ambient  all  of  these  contacts 
turned  to  ohmic.  Specific  contact  resistances  (pc)  of  1x10  4 Q cm2  for  both  Ni/Ti  and 
Ti/Ni/Ti  contacts  were  obtained.  For  Ni/SiC  annealed  contacts,  the  RMS  interfacial 
roughness  was  25.9±6.4  nm,  while  that  for  Ni/Ti/SiC  or  Ti/Ni/Ti/SiC  was  7.5±2.3  nm. 
The  ohmic  contact  was  formed  when  a fraction  of  the  Ni  layer  moved  to  the  SiC  interface 
and  formed  N^Si,  releasing  carbon  as  a reaction  product.  In  Ti/Ni/Ti/SiC  structures,  this 
carbon  reacted  with  both  the  top  and  bottom  Ti  layers  and  formed  titanium  carbide  (TiC). 
Carbon  in  excess  of  that  consumed  to  form  TiC  was  distributed  in  the  silicide  layer  and  at 
the  silicide/SiC  interface  as  a carbon  phase.  These  phases  were  observed  because 
titanium  carbide  has  a lower  free  energy  of  formation  than  titanium  silicide,  and  nickel 
silicide  has  a lower  free  energy  of  formation  than  that  of  titanium  silicide. 

The  effects  of  Ti  and  Ni  layer  thickness  on  the  ohmic  contact  properties  were  also 
studied.  Ti  thickness  was  more  important  than  Ni  thickness  in  achieving  smooth 
interfaces  and  low  contact  resistances.  Contacts  with  a 20nm  bottom  Ti  layer  showed  a 
contact  resistance  of  1x10 4 Q cm2,  while  maintaining  an  interfacial  roughness  of  7.5±2.3 
nm.  Thicker  bottom  layer  Ti  (>20  nm)  contacts  were  rectifying  with  a non-linear  I-V 
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data,  and  there  was  still  a Ti  layer  between  the  Ni  and  SiC  after  annealing.  The  lack  of  an 
ohmic  contact  was  attributed  to  the  Ti  layer  acting  as  a diffusion  barrier  preventing  the 
formation  of  N^Si. 

The  Ni  thickness  was  varied  from  90  to  30  nm  over  20  nm  Ti  bottom  layers,  but  the 
specific  contact  resistances  (pc)  (3.3x1 0'4+  2.5x10  4Q  cm2)  did  not  vary  systematically 
with  Ni  thickness.  Thicker  Ni  (>30  nm)  contacts  showed  a non-uniform  carbon 
distribution  in  the  silicide  layer  with  carbon  layers  at  the  silicide/SiC  interface  as  a 
second  phase.  Carbon  distribution  in  the  thin  Ni  contacts  (Ti/30nmNi/20nmTi)  was  more 
uniform  than  in  the  contacts  with  thicker  Ni.  No  significant  carbon  layer  was  found  at 
the  silicide/SiC  interface  in  the  thin  Ni  (30nm)  contacts.  The  RMS  interfacial  roughness 
values  are  4.6±1.6  nm,  7.5±2.3  nm,  and  9.9±3.2  nm  from  30  nm,  70  nm,  and  90  nm  Ni 
contacts,  respectively.  Interface  roughness  increases  with  Ni  thickness  due  to  thicker 
silicide  and  carbon  layers  in  the  thick  Ni  contacts,  but  they  are  still  lower  than  the  Ni- 
only  contacts  (25.9±6.4  nm). 


CHAPTER  7 
FUTURE  WORK 

SiC  and  related  materials  have  presented  promising  opportunities  in  materials  and 
device  research  area.  The  continued  advancement  of  new  devices  using  SiC  requires 
better  understanding  of  the  mechanisms  controlling  the  formation  of  ohmic  contacts  to 
SiC. 

For  the  interfacial  reactions  in  nickel/titanium  contacts  to  SiC,  the  first  work  should 
be  to  find  a more  detailed  mechanism  of  the  ohmic  contact  formation  in  nickel/titanium 
contacts.  More  works  on  understanding  the  role  of  N^Si  phase  in  contact  formation  will 
be  helpful  in  improving  the  contact  properties.  A study  on  the  time  evolution  of  the 
interfacial  phases  in  nickel/titanium  contacts  will  be  an  important  area  for  further  work  to 
deepen  understanding  of  the  interfacial  reactions. 

For  the  effects  of  Ti  thickness  on  the  nickel/titanium  contacts,  works  should  be 
continued  to  study  the  effect  of  Ti  layer  inside  the  nickel  silicide  layer  on  the  ohmic 
contact  formation.  Understanding  interfacial  morphology  and  phase  identification  using 
XTEM  will  be  helpful. 

For  the  effect  of  Ni  thickness,  while  this  dissertation  provides  simple  models  for 
the  carbon  layer  formation  in  nickel  silicide  layer,  it  requires  more  study  and  a complete 
model.  A study  on  the  time  evolution  of  the  carbon  phase  inside  the  nickel  silicide  will 
be  an  important  subject. 
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To  confirm  the  principles  of  Ti/Ni/Ti/SiC  contacts,  it  will  be  interesting  to  study  a 
different  metal  combination  following  the  principle.  As  shown  from  table  4-2,  Ni/Ta  will 
be  a good  candidate  to  form  ohmic  contacts  to  n-type  silicon  carbide. 
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